US 20020168951A1

a2 Patent Application Publication o) Pub. No.: US 2002/0168951 A1l

a9 United States

Paulus et al.

(43) Pub. Date: Nov. 14, 2002

(54) NOTCH FILTER FOR DC OFFSET
REDUCTION IN RADIO-FREQUENCY
APPARATUS AND ASSOCIATED METHODS

(60) Provisional application No. 60/261,5006, filed on Jan.
12,2001. ERROR - said-application ERROR - appli-
cation-number ERROR - is-a Provisional application
No. 60/273,119, filed on Mar. 2, 2001. Provisional

(76) Inventors: Tod Paulus, Austin, TX (US); Richard application No. 60/333,520, filed on Nov. 27, 2001.
T. Behrens, Lafayette, CO (US);
Vishnu S. Srinivasan, Austin, TX Publication Classification
(US); Mark S. Spurbeck, Superior, CO
(US); Donald A. Kerth, Austin, TX (51)  Int. CL7 oo eceneeccnsne s H04B 1/00
(US); Jeffrey W. Scott, Austin, TX (52) US. Cl s 455/130; 455/141
(US); G. Tyson Tuttle, Austin, TX
(US); G. Diwakar Vishakhadatta, (57) ABSTRACT
Austin, TX (US) A radio-frequency (RF) receiver includes a receiver analog
Correspondence Address: circuitry and a receiver digital circuitry coupled together.
O’KEEFE, EGAN & PETERMAN, L.L.P. The receiver analog circuitry receives an RF signal. The
Building C, Suite 200 receiver analog c.ir(.:uitr}./ processes the r.eceived RF signal
1101 Captial of Texas Highway South and generates a digital signal that it provides to the receiver
Austin, TX 78746 (US) digital circuitry. The receiver digital circuitry includes a
digital down-converter circuitry that mixes the digital signal
(21) Appl. No.: 10/075,099 provided by a receiver analog circuitry with a digital inter-
mediate frequency (IF) local oscillator signal to generate a
(22) Filed: Feb. 12, 2002 digital down-converted signal. The receiver digital circuitry
also includes a digital filter circuitry that filters the digital
Related U.S. Application Data down-converted signal to generate a filtered digital signal.
The digital filter circuitry provides a notch at a frequency
(63) Continuation-in-part of application No. 09/821,342, that corresponds to a residual DC offset of the receiver
filed on Mar. 29, 2001. analog circuitry.
22 f
S5
i
- . -0 o
R 0
! ,ie(u‘uer 1 :_[X Recenver l
Y I A"‘-""j‘] f' — b DL’]H\( -
{ (i‘r(nf{(/ e ) (I'lvlr ilpfl |
130 - ANy : o R0B ;1 - fz’(; T;:?, \%
o l f F— Yo
?"t:.:? o -0 - St - 5
e L::'n'uif:;/ 7 ll |' T Crecaidey \E §
o b | 59
} el A N 8
206 /L : - » 4"—- 1o QB
— rancntior R ——— ».df.,,‘ P e
r Ol \f')Y{AJ 4]\ J
() A —_—
o . _



Patent Application Publication Nov. 14,2002 Sheet 1 of 41 US 2002/0168951 A1

120
I
Base baud

Pr ole SSeyY
Zrlu f‘f‘y

‘5 loen

——

jlém
{®

Ho
§,
C l'rfm‘a"‘ry

R a o

™~ {30
o

N4



US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 2 of 41

vz old

T _ T et —
e |
1Y Y by
O ANARREN o
. k L;\f_:usﬁ.\: _
Os/ | ¢ —
R > || e
" ez | ey \
N i Nz
o
0. 8 ©2Z " | 291
S Ayqin3313 Aap 1200 | _ \E:,:J
m k,o*\,\hvfﬂw,v ko_:.u:_.\Ji‘ i ] Jvt\.\.u\*:h
~a MJO du«:u;ub, m&. _VCC\“ _.|\‘ _ .«SC*:Q
AL L 1!
m 81z oy €T :Nm\\ ! , 2o
] N |flf<\:_, ———en o N z
M | ) lz A - o
n::.\:.\ J | \g_:.C;_.w |
A‘[{IMF'!I{‘ - J ;.\JQ . i r ey --:‘Au_.ItL
OT\ Lub..,u.,wr\ Er _ ~l .m:.:w.u.vQ ]
W JESRSV U — _
o] S
ozl ] e '
N N R
bz

Yooz



US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 3 of 41

92 "914
Fm T
—— VT }
o e s e g I % B YRS TR .
05) V BRIWSD L _
(6]
9 |
B t ' €Nz 5 .,
p - — - - 21z {
Y [ I I A |
-~ > i x)r,:uu_,\\.._ ' .T:u\_w I !
W - { DAYE N LS ) I s s9p)vsg " {
¥ | ms;a_- L _
/ﬁ R i " B ) _ A
m [} sl _ bz f —
= LT
2 R B | _
\ A IR e WU
_ f. hy g € ~+— \xstn;u@
Ve < 4 P hbag = e Gl B oy
ozl .xa.\lch Ot ! lvll EETORERZIN w «an \ 220 )27y
| —— ) | .
e S |
-)‘.l s - - b - - L m\N - - - e T
S S
ugT hiz
foor W

|

— 0z

ket

\A)v WA
2vjsaper

Q(CU+C¢

1




US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 4 of 41

Agamisdy

Lrﬁukuvok&

ﬂcv&dm<®

A asl

LoD .lQ
eI} 2

oo

SHEPEYN

~..Co\_

<001

2z &N\m\\l
T
. w»r:c: o
Sam rhbra e
o # VONEIN I R

) 2z o

- e

217

VZ "I
FT - e T T 1
] e, L1
_ |
R DR ST N

—> Jafrwsveyy |
|

_ R 5
. _ l
— .
e ~ !

ANINI10
S ss*«\: .Cv Q) )
oz SN I—

_

Asgrriz st o
e

i B-T) .JUOw@

s ey

\vb<_,v|_u+<\ﬁ

v (M*C <

207

og]

A

D



US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 5 of 41

R AR X

°9)

-

at V14
T 1
by
| Kby Inzs) 3 )
0.5 7 _ e .?..Im:\.os.ﬁu\ }
mu P _ 10t
“v LA \
—/ r a7 _
~ mi ¢ e ———— e b | L2 XA _
N g Ay ) M ] _ Agyna)
W- i YEANEEACED s> 295Q ) JU—QL.Y# uY
/M. WO onasal 7y 20 i rﬂNw “ )s<cv+<¢
\ atz ” z2z ! 0z ?
b | mo..‘a L )
4
5 _ e hot
A * 1 _ A1) 00 !
| S LENLE] F11220 ) ]
1’.&20,._@ o — s ey e e e e et d.V» Co vy e
By 2z N\e ] &!)m.duw@ “
|
3 Co oo
ou! ki NW.
AUV.
Goo m\

g



US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 6 of 41

2lz

€ eld

WL N

(R o e e e At

Ty

)P wsp A
Nz ' 2L

i

i

Q—JMJ:;LUI_
Pt

ONM

¢ ~

wqt 0} D

F+2%¢

Lubu U.UUQ

d.w\iu(_»\?.m.*:h >

—

72|27 O
>

SE

\r_/
s

"WJJy—JJ‘,;.
,-—-.1/

£ ENREEAN]
ﬁwa\w{i«\

oL

#a0) vduq

goz

\W obs
...... SR N
22 vasfInvE v
T
0se ﬂcﬁ._ M2l
T ;.5?11%? ek
322 d0f I ML h RS A «WV
Y R - EZAIE L J
e I~
[ 2mas afs3pur \/\_
S P
SAYFEREE
o
ST ———t



Nov. 14,2002 Sheet 7 of 41 US 2002/0168951 A1

Patent Application Publication

Aspy~an 3
3055004
PrrEIsYg

+ "Il

pz!

5

oo

F S 7h 4
Tah ! S
o A |
(7hr)w—xu f \:_._s.\..C
et e e g IR Iy VYVT INVITRN )
j b n 3
: 1 tbh ] reeqnegh g . Lo /m/&.r
(97002 T-%L P i RS ]
°7k 1 w {
T
Yoy th I av k™
eon | |
Puprmone oy L1k er .. Agi0ar))
il e [ B Hie 4 ! v ey e
v e N “¥ v
J / W . Crery o1 3y 1 ! il
ale ot w2z bk \ o }
S g —— A
“~th i J
sk Shh thy &N 137 Lthy . Loy, ! bn\uv
) - , )
K'M.kd. = N
[ ' \...#.-C.\._U v \C*:.C\..U & :?:m“.ma aI_.C.\...u l_ 43 \A\vr:a.u.-..,u } A&::.._U .
o ova | S|, 7 ema iy opmAvS o
MHAL g P
gl ai%aa e i = v
Uy 2-ry _H L sk \bﬁ 4&3
- — . - ]
\ tHr b L 8 e e =
"ty M.

L]

5



Nov. 14,2002 Sheet 8 of 41 US 2002/0168951 A1

Patent Application Publication

Aspiman 5
AOTT IRy
7‘””?"579_

5 DI

gl

= 14 Lah
o et B
r
LR Lagiriaa v o N N RAYENY
_N‘“_W_.._ pwsnby _ Juy o) o.E.J._
[}
o ) e ¢
' % NRELY M) Aoy — N Asptvdnn 7 ]
' tsh” ! A Q “A hreM& eat) ﬁmw...w
1} I el T L T ‘o BIvRINY - +
! hsh ' {fpre) 2138 i U Ty
“ «- e -l —
1sh ! L S T T 1oh
h.~ 1 \-;..:u-._u #.nlzmu.m.ﬂ\ ’ \».w._.f:..k. P
(e pribag : Coproy [ WHEZ_} 2 g
ﬂ.ﬂ\utp h;..uuux < ‘g _tu—‘u Y 221225 Y \uorv Y4
u—..m 1 _ ety b ~ .M
_ s ! g £oh
.l....!.,umuv:msa--t_ goy
505

oG

9]}

act -,



Nov. 14,2002 Sheet 9 of 41 US 2002/0168951 A1

Patent Application Publication

Do
nyo
fig
. n
SERE

otl

9 DI
CTTT T T T T T sk
l\lﬂ.wﬂil..\u.lw.uwﬁ e Tt - 3 - e \F:JC.G .“| - Aoy
— e BTN USLTR gy 7y
r7ryT=*1 ook~ : ! )
' “ 1V obk
|
| __
i
e e L3h ofj}
Aniraany Arginainy Rk f Aty -v
AP o,NN ﬁ \J:az..qvnm Al “ i Ty rjapeg e
. . wuvrgvy
= :W ) ,u\e.ﬂuo\_ (i ToT 38| 7 _.
8iz vzt _ b3t og|
: _ ot
! t
st ET e me 1 [
14 N
?M.Jmf.._. Y e I T e _
<4 bl < AR -— & L -
R aoprons 5 EH.H.N D PRAASAY E__V_%\JF‘ (e Ay | __:E Aspinassy
l Ahxw..n“ g n\ 1ebsg \ -v;IP.vc S n .w_ ¥ hv.ﬁ?c-.wlc:oo i 24114
T i
w TSkh/  bER qeh o’ Lzh~ tzh Tk, Loh I Moop
bk 7 e — — \N P, |
ON.\Q D—Q
Gn.aw H‘



US 2002/0168951 Al

Nov. 14, 2002 Sheet 10 of 41

Patent Application Publication

Los X Sty

+ 514
—_—— T T
IatA S B i 11
£ | |
5
w2 Bt ,_ Agrm3317 U ffspmano
| JoRIWS D) ._ i ?eb}q&
\
GHoP) TR aond “ Vo oeshS oph—]
_ |
I |
opl ! __ :
~* 9 (X et VS
O n Agimann | O Kopr000) W55 5T Agpp12aro
| m Wi ._a+~¢.tsu¢ M 2240} 05Q Crpoe) u:_ ¢Sh “ 0z ] A
+ s 3 uusw..u.muuh yvooqp | \ . | Tvvaty
~ — _ T HiF) cq..}.\“ }.m}& !
Silz .M kL4 .M ' i
i i
\ v ouhp)
- 1ok loh
hzp \ '
3 S RSSUNSNE SO S - Aami 012 )
by i Covy ] Jor |-
riifrq | N
—1 iy f o " 42N 723y " 3:‘_05
1zh B T, | ) goh
! ' gy - __
ot} — t«W,I.‘il&‘\IL
[«J]5



Nov. 14,2002 Sheet 11 of 41 US 2002/0168951 Al

Patent Application Publication

QT

rorr3a9¥4  Gryg3sve

Ax21 2201

3 ol4 ttg
{ w‘! B I\E& |
H_ Sww o S0 ::J Sb3 ‘.
T9h s caeay ' // ! e
I . )] yqnmu .U:E >~ Y,\A\ |- mo&\uaum._
T T e x L ._v fy& ! gea |V 993
e e T a2 e = < >
e e e T TS tERS s || g
hih ) 1N m }
Pl I XL i > wso
«.\& £ Sh , _ Y\a&f@
i d\.S{ﬂwLJL o Y
S TP ) }
VY Aamano| Asas) ) |} ] Y on
I R acdadd-2 = __ ¢ Y [ CHP ©7 3y | Arnpvarsy )i _
N i) ‘ yoref L7 N R e | e
] e ) e ] vy
U, % 1 N
bk L8 ! - f ] M
__ | ool . *11...I|f Qctd 4] *.um1lu,|; O 1 &«4
PREA2E A\I..C.....u m Mm 1L v W “ o o7 W. vm
> 2Yq e ST hs \w.r 53 ® w S| v
15h N\‘ I AL w,a.w ,wmu | \ ! an. M o o &
“ a5t Ve bek| 3y w ot w __ | 18 un|™ § _wwm.% § “ Ny m 703
et || A0 29| L] [ ] F R e
..é\.\ ¥4 T T * | " ey | T ) £o3
— [ ye€d 7 T | J
Shi 9%.h ..2_v —an o e _...bop a3
\Lllm»&.m‘ o .ﬂwmmu#a\.ﬂ B = __J,.( 328 - T \N i —— 1) 21
158 e 7
hs8 i)k bes 124 Cped

[4



US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 12 of 41

d

et

an qd<

+(0gs) gor
§ iy

——

sy

>
> (295) wor

Ay
&

A

v Dhe e e ]
) u@\l

O (swas)dA

.mmw\

N——

a
L
Jar95yox

]

ms

AN
St

snb

—7 ]

asb

v WId
R Y T
314
Fuad <
S
]
s -
?av__\&wm.ﬂb ) od
14
ﬁEWV.;QH hﬂv RITES
lirHvey m.
(ax25) 442 W PR
<
v
EESTD £9:
I
596
M«\
Vodds

A

T T
gudd
w
;
Q
ds 3.
- i
g3 g
3
2
N125 m
4
14g

o)




US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 13 of 41

aré R

Y

v

v foni 73
u/nub./ NI T

b
o A

PR

INad

feaz) 491
Y
(1ds) WML
A7

(rv3s) A7 7

(¥725) W32

2

"By

A rP a1y 29T VUOTEY]

L_

S r-- T L
o ...-,,?\IN!‘! - grad |
! !
TN _ _
—— = 7 d(oqs) oz |
/ S96 "ezé “
NS jl]l’l\l—ﬁHQﬂu?OIﬂ _
oy " \x‘tcc }
1
| <  (grv3s) g0 !
_, ss6” ' )
; ’ !
e ) PR TSPV R
<7 S
\ / ost” | ~-=a i -
B =
S ozl

goob



US 2002/0168951 Al

Nov. 14, 2002 Sheet 14 of 41

Patent Application Publication

x.s_.._:hs.._v (uwd<< Lv\nu_ u.wmw_

up B4

\}. P2 1) %x.»__\._ q \U»).Juww;u T

woagl

St

T

5°4b

P

v M
arag), R o0dle . b guoy
2# 9y red
hho/ 4
340/ Srd —
543 W3 7 ods
ohol Argass s | Brer_toeo opd
Luguy ) (%Lu#ik\. ste mmm
] Lopmast 3 >~ alor
vy MaAvY Fapnvr
z49s — £ -~ |Jﬁ.z|.. - <——{1%
90! ° / SE6
2050/ 7 22191
N
gnNig / la.wl ey Leds e b y et LLEM
heol J ot
gogol Sié $2107
(I =
3795 ey —e b e ~—1X175%
Hmi\ / -
vos 1 954 vesay seb
, } ]

ozl

—

Fwa?vﬁng

~ sy

i,

Agprm




US 2002/0168951 Al

Nov. 14, 2002 Sheet 15 of 41

Patent Application Publication

vil 0714

Tri s Yoy 2325

&y oy

g 251 sl

Fgony pilia samaay

gy

. Sy
) :
—p

ﬁ ~ Sy

SNV
Tarb1pp L

i
it ok

:Zn: yioy2

sp P garcy

x.)r.;wh.-& 7 oV \.15& eV

A VA TLY) v lis Popy
[ywawistlpe :éiwuiah <
\S.* %2 e — < -
A2 2411 gt

ey —

ol

£5¢

i

3

1 oy

p— \\4 m
reualyzan 4

ot B

7M LAY q v >
_H__Q w__ > L
vEN

<.N=u

g1z fghnary
W2y~ G L
r:_u;
yus .b-,_Ul
apertV e
du.w~wW»—$H )\u::

BE

ozZ

1ok

(225 .— »



Patent Application Publication Nov. 14, 2002 Sheet 16 of 41

Hz1A
O
QO
H2iB

L

llooB

(| Z0A
— iz
Ena bl

Dvla Y- Cell C |’((,\,u'%/y

M
}

A
ne

L
EV\&\HQ

1hzA
IREWAL

p
\

Gy

US 2002/0168951 Al

1o

Fl6.



Patent Application Publication Nov. 14,2002 Sheet 17 of 41 US 2002/0168951 A1

iCLocj, S JGN}‘\L

& 'VDD

|
i
|
{

~— 2S5/

236
,zaf”é
<
}.__._‘.
q
cKP

&

3 \
1230 1
CKN

F16. 12

a._.q%

Enalle



Patent Application Publication Nov. 14,2002 Sheet 18 of 41 US 2002/0168951 A1

ﬁh@UL

13y ¢

;lifl
1315
Ing
1321

31

132y
32%}

dc}\ 1309
{sw
4{i
f}l
|

A
-]

.||

|
R\l3??
E&JB?O

|300A
5

< i

g | 2 > <

SC > — -~
R

F1¢,

Enalle l
’ T2

{303
=1
-
L,
1342

Enables o



US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 19 of 41

d1e! )

2g)
=473 q‘ll.voll_ :

SIgl - €]

I

gel 24
5
€ =
) I e ¢
J_J fH. mbm_.anwh BN ey
\i_ﬂ q\ m o0& ﬁMm_)uT e
18¢1
FM,/W L9s) g
StE €ECH beg ﬁ e el
| . 3 _,m !
! wwm_\v_ E m L
} [
IS, NAZ
begl V98|

4 JI<C\D




Patent Application Publication Nov. 14,2002 Sheet 20 of 41 US 2002/0168951 A1

o C K
CKf

.Y
Q

l
food ];_J b“‘

J Joo
VDD
(v i1z,
¥
Ly,
I

B
) E —
o = e
T I g

A
&

Lotk
A TANLIR



Patent Application Publication Nov. 14,2002 Sheet 21 of 41 US 2002/0168951 A1

R 20 SO
A
3

Re. 158

Dc?*&.—Sfjm'» ADC_ &uanﬁamt}w\ Nojce 'Tm,\afg, F"u,,,z:f‘;ﬁ,\
T

O T T T T T T T T
—
Q{:;
;‘U
N
9 -50
Y
X
-+
T -80
g
2 0
-30
-100 I ¢ 1 i l
-1 0.8 -0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1

Frequency (MHz)

Fl&. 1



US 2002/0168951 Al

Nov. 14, 2002 Sheet 22 of 41

Patent Application Publication

AnmnoJmn
I10ssa001d
puegaseq
oy 0 syeusis
dinQ

qaL1 Ol
sl Anmoand
. 0141
Shh a9s ol ABMOILY JOYL] a:mmm%\t.: vy A
WA
N eo.,z//( AInoa) Anman) - woam Anmoxo
<35 y, %MMH.M 7 o)te} Aminon) 0 \ Sofeue
Anmon) 143 9Ch 5 | sett , BH“N,%M_O (# Ay ] 1013091
ova 93 g5 ol i sy} woly
b %hw_uw.mwo \A:_:Q'__U < \ —ﬁﬁM~Q mwu—l m—wﬂwmm H—:Q—:
<7 P R R eIN
vIEe gor L o ol .rwvﬂ (-0 ) lak
VLI O
<l
qortt - w\.ﬂ Anmony
ach g%alt o741
<p vN N N\Q.Eoﬁo IO 1] e8I | 2y l@\,_\ /_\\_\( F{YA
\
H _\/ Aol Anmolt) Anmond
Anmnoin A|~w| \H‘&_@.Mu -~ 59 ) LoD Aﬂ Sojeue
sossasoud Anmony e lqgeit 08\ 12URAUOD #p)hel  10A1
pueqaseq WA g -umo(g : oy woly
a1y 03 syeusis \Awﬂom_o. Anmnoa) rendia - sieudis ;ndug
ndino <T \, spopuSi DID / ]
L s
o bw ) éomt \N ..t,_z iz}
yolLl Y.SoL +if



US 2002/0168951 Al

Nov. 14, 2002 Sheet 23 of 41

Patent Application Publication

I 12309
aofr9790d

\5. JJ?J T
st vebis
rdi=g

P,r\ 12012 oty 27044
peegITg
TN

579815 pndpng

Q \c*._:wy..,m

Sht

eae) b
?ﬁ::\._u
\T+._.;\« \..,V ﬂ.o_ér@
Ay € AN 2220
™~ © PaY Y YAV YS '\. 280 3
23 ~ f:&ap ) s #\ A
Lo Arepue I
VV\/M < )il rpuerag u{ Aol S % M.TM%M
AL | J
VE8 e we Sogl (M) ith
Vel ol
s ]
e~ Y HT Bl ong (Hr) hep
) \?._.._S.u».c
\~.+.:\Q. ) &o?m_ YssLi \ h\uw:cs
, o ) Arg1 31 V y ¢ T2 2)
HIIAND B A oA [T o »
(\So@. HY:..U‘ N4 T 4 -Msmy_\%
1 >53<ouw Lt ' T | )
4biq e 5 Feses 7] 23> J tndvp
vah( | r vSeL| a9
T 7 [ #'r) izt
tth aig| Sa 8



Patent Application Publication Nov. 14,2002 Sheet 24 of 41 US 2002/0168951 A1

Ny

19is
(+)
W
I4g

4
FlG-

17771

From IF Lo
Cm:ulffgj

A
1
it

i
qdz24a




US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 25 of 41

Yoz 9

ﬁ\bﬁ\#

_«\:.f(\(/

\,\,+ y 1170

2
LUT(J."L

|

|

124

yidimq

RN S
T}
STI~

velsioausy Vg
e

Yz 10T

T‘)*\ ,~ :\u,.\v

A-fﬂ,nu;
\,\.;.‘ )21
.N.@)@.Q
(Q* um\ U.(A
S Vs

e pma

\LGN

-

Mtn_\ﬂw

_ VOLLRA U

P—

vhooz

5

»




US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 26 of 41

4ndino

oz 914

vizh

Reprong
U.__WO\_
/>0‘U+u WVQM

ﬂr'.”,\SdL,.._U

Ib*.CjOU

Ys/oz \

7

s rzo2

. -
) ‘.tu MOISIPAV | L >
7@15(0»1. ' Cmcs_ J ¥L
gzinz :sv‘ 9975
, L (o)
(s0-v5) S
FNQZ
, Yz :c.ﬁ_.z:_.
A?U\I&_wwo\ cp.nw \N/Jdlpn
102" 1ot
<z So) x,_\ C.—
(se0 ¥ uig) A n.v
S
dgoez



Patent Application Publication Nov. 14, 2002 Sheet 27 of 41

2100

“+ 2103

Fl&., ZI

2ecoe

Koy

228l

US 2002/0168951 Al

gm)



US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 28 of 41

boke

N ke W0k

\@Iléw

T99he
C

#7970
Y

bz "9Ol4

by LM 3q0my {90hz 9997 g4a0hz 310he

0

I

SHa7 T WEOhT T EehT y gofir h,ﬁorw\ reohl HRON

@it

a0z 4¢VE 3 ¢ 0he

/

€2 "9l

qIohz

G soh2 SE0p

f)s0h2

ysoh?




US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 29 of 41

(1 979)
(ropro <~,.§_. 5)
e i
S YUY
IR

3sas52

sz 9\4

qgese

geas?

Yeasz

(¢



Patent Application Publication Nov. 14,2002 Sheet 30 of 41 US 2002/0168951 A1

26024

X n)




US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 31 of 41

e AN

vaz "4

M OLERS a?:fm

#\3&(\\_\.



US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 32 of 41

(o._,*,.u&; i lﬂ\,_ q

A

I

—>

370972

.
L

7999¢

[

9% g

it OBV E SV
B

\
RN




US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 33 of 41

o6z T 214

p ’ vel)Ies ,
E+a Jw*o2

K o nrmmaperrrie ot

u
b

+§_§QA\. velyas
Yo

(.\uh».vwh
NE

prdino

alyFes

wue.\.c\.‘ &

PG

.\Jr» 24 M

[ e

COIJ.Uu
L pag, [T

~

g

| ey

yrdup

-»5%.»\._ m ‘

iz ol

Abig

vu(

Ve 45

4228
VA:.\@\‘_ @

-

yrdug




US 2002/0168951 Al

Patent Application Publication Nov. 14, 2002 Sheet 34 of 41

~ Q.C‘bvu

A

ﬂ 477y
Lo G
.+‘ mw+ " gu A S@A_QL\

vz 914

dbe 94

) s )
rr-b

verdng
2o

(u.r* ey

s 20

Vo7 s
TN

\11+S&sH

yHoN

. +<& (,xh:

“prdeg



US 2002/0168951 Al

Nov. 14, 2002 Sheet 35 of 41

Patent Application Publication

Yoz 914

Gl i G-
—\l
— wo..
Jeoon
- -19°0-
- -0
- koo, -12°0-
- -10
L ﬁn« T dzo
. e wees
u w ,/ N T 460
Y500z ,,,//wﬁ\,,.ﬁwxom,|4
L e ysibE. N 90
NS SN ~ o
i {MQOM ) J\y | w O
| | S _‘




US 2002/0168951 Al

Nov. 14, 2002 Sheet 36 of 41

Patent Application Publication

goz " Oid

(zH) Aousnbai4

004~

06-

08-

0Z-

09-

0s-

ov-

0e-

0c-

olL-

(gp) ueg



US 2002/0168951 Al

Nov. 14, 2002 Sheet 37 of 41

Patent Application Publication

SVs 4

(zH) Aousnbaiy

(s) ke dnoig



Patent Application Publication Nov. 14, 2002 Sheet 38 of 41

Siof 3106 3109
313
Fie. 3l 1%
J‘__)
T - 1zmliz
s
F\G. 32
ry - —>F
_-F;/l e 0 JiF 75/1_= ‘3’_'“:3
3iole

s g

© he fy;:B/?-FA/HE
2z

G . 35

f — > Ic
o 4. I
-
310

-‘;3/:. "f 15

°  fie +£

US 2002/0168951 Al



Patent Application Publication Nov. 14,2002 Sheet 39 of 41 US 2002/0168951 A1

Im(2)

FiG. 30h kj/
X

Fig. 363 d\

"ﬁrF © {E'F
jm(?)
//""’-’""\\
Fig. 37 / = \} ke (2)
N
3705
Fic.32




Patent Application Publication Nov. 14,2002 Sheet 40 of 41 US 2002/0168951 A1

AWAY
%\
Q

N

Compk’( ul
M Puff { Cgm?h'(
X(n) 3803 Vestput
H[A}
a

Fe&. 38



Patent Application Publication Nov. 14, 2002 Sheet 41 of 41

T (7)

US 2002/0168951 Al

& =9
Events
y .
Locd oscllafor c:'(m('ff‘a Seftferment j
fé’FSz-‘.‘:d‘ea'uch;:\ Motth=filer cirete, Setarclary £l
i’ﬁﬁf.m,' Ad{us Frent £y Setflo pment
‘ —d
' !
] i
\ k:jhf K:‘% k"/li
, } ! !
\ ! : ! R !
: | | Start sf Peput e
¥ ]L(D CLs &S

| | N o T
{ ) " The %)AS&:‘.?“"AV
‘ { { { ) proces o (q'rcv.u’\‘(y

(
{ ! : i ! !
( ! t ! |
;| i 4 + { — —>

—— L] T T L -
-, tt,  Th oty Bt toty  Bime



US 2002/0168951 Al

NOTCH FILTER FOR DC OFFSET REDUCTION IN
RADIO-FREQUENCY APPARATUS AND
ASSOCIATED METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This patent application is a continuation-in-part of
U.S. patent application Ser. No. 09/821,342, Attorney
Docket No. SILA:072, titled “Partitioned Radio-Frequency
Apparatus and Associated Methods,” and filed on Mar. 29,
2001. This patent application claims priority to Provisional
U.S. patent application Ser. No. 60/261,506, Attorney
Docket No. SILA:.072PZ1, filed on Jan. 12, 2001; Provi-
sional U.S. patent application Ser. No. 60/273,119, Attorney
Docket No. SILA:072PZ2, titled “Partitioned RF Apparatus
with Digital Interface and Associated Methods,” and filed on
Mar. 2, 2001; and Provisional U.S. patent application Ser.
No. 60/333,520, filed on Nov. 27, 2001.

[0002] Furthermore, this patent application incorporates
by reference the following patent documents: U.S. patent
application Ser. No. , Attorney Docket No.
SILA:078, titled “Digital Architecture for Radio-Frequency
Apparatus and Associated Methods™; and U.S. patent appli-
cation Ser. No. , Attorney Docket No. SILA:098,
titled “DC Offset Reduction in Radio-Frequency Apparatus
and Associated Methods.”

TECHNICAL FIELD OF THE INVENTION

[0003] This invention relates to radio-frequency (RF)
receivers and transceivers. More particularly, the invention
concerns a (i) digital architecture for RF receiver or trans-
ceiver circuitry, and (ii) notch filter circuitry and architecture
for offset reduction in the RF receiver or transceiver cir-
cuitry.

BACKGROUND

[0004] The proliferation and popularity of mobile radio
and telephony applications has led to market demand for
communication systems with low cost, low power, and small
form-factor radio-frequency (RF) transceivers. As a result,
recent research has focused on providing monolithic trans-
ceivers using low-cost complementary metal-oxide semi-
conductor (CMOS) technology. One aspect of research
efforts has focused on providing an RF transceiver within a
single integrated circuit (IC). The integration of transceiver
circuits is not a trivial problem, as it must take into account
the requirements of the transceiver’s circuitry and the com-
munication standards governing the transceiver’s operation.
From the perspective of the transceiver’s circuitry, RF
transceivers typically include sensitive components suscep-
tible to noise and interference with one another and with
external sources. Integrating the transceiver’s circuitry into
one integrated circuit may exacerbate interference among
the various blocks of the transceiver’s circuitry. Moreover,
communication standards governing RF transceiver opera-
tion outline a set of requirements for noise, inter-modula-
tion, blocking performance, output power, and spectral
emission of the transceiver.

[0005] Unfortunately, no known technique for addressing
all of the above issues in high-performance RF receivers or
transceivers, for example, RF transceivers used in cellular
and telephony applications, has been developed. A need
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therefore exists for techniques of partitioning and integrating
RF receivers or transceivers that would provide low-cost,
low form-factor RF transceivers for high-performance appli-
cations, for example, in cellular handsets.

[0006] A further aspect of RF receivers and transceivers
relates to providing high-performance signal processing
functions in an integrated form. Typical conventional receiv-
ers and transceivers rely on baseband processor circuitries to
implement various signal processing functions, such as
channelization filtering. Some baseband processor circuit-
ries, however, do not contain their own channelization
filtering. Furthermore, the system designer may choose to
not implement channelization filtering in a baseband pro-
cessor circuitry in order to, for example, reduce performance
requirements for data converter circuitries present in the
receiver or transceiver. The migration of the signal process-
ing functions to the baseband processor circuitry may also
result in its increased complexity. Moreover, front-end ana-
log circuitry contributes DC offsets that impact the process-
ing of the desired signal. A further need therefore exists for
RF apparatus that provide high performance signal process-
ing functions to implement functions ranging from reduction
or cancellation of DC offsets to signal processing within the
RF apparatus signal path, such as channelization filtering.

SUMMARY OF THE INVENTION

[0007] This invention relates to reducing DC offset in RF
apparatus. The inventive concepts provide a solution to the
problem of DC offset in RF apparatus and its adverse impact
on the processing of the desired or in-band signal. One
aspect of the invention concerns apparatus for DC offset
reduction.

[0008] In one embodiment, a receiver digital circuitry
includes a digital down-converter circuitry and a digital filter
circuitry. The digital down-converter circuitry mixes a digi-
tal input signal provided by a receiver analog circuitry with
a digital intermediate frequency (IF) local oscillator signal.
The mixing of the two signals generates a digital down-
converted signal. The digital filter circuitry filters the digital
down-converted signal to generate a filtered digital signal.
The digital filter circuitry provides a notch at a frequency
that corresponds to a residual DC offset of the receiver
analog circuitry.

DESCRIPTION OF THE DRAWINGS

[0009] The appended drawings illustrate only exemplary
embodiments of the invention and therefore do not limit its
scope. The disclosed inventive concepts lend themselves to
other equally effective embodiments. In the drawings, the
same numerals used in more than one drawing denote the
same, similar, or equivalent functionality, components, or
blocks.

[0010] FIG. 1 illustrates the block diagram of an RF
transceiver that includes radio circuitry that operates in
conjunction with a baseband processor circuitry.

[0011] FIG. 2A shows RF transceiver circuitry partitioned
according to the invention.

[0012] FIG. 2B depicts another embodiment of RF trans-
ceiver circuitry partitioned according to the invention, in
which the reference generator circuitry resides within the
same circuit partition, or circuit block, as does the receiver
digital circuitry.
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[0013] FIG. 2C illustrates yet another embodiment of RF
transceiver circuitry partitioned according to invention, in
which the reference generator circuitry resides within the
baseband processor circuitry.

[0014] FIG. 2D shows another embodiment of RF trans-
ceiver circuitry partitioned according to the invention, in
which the receiver digital circuitry resides within the base-
band processor circuitry.

[0015] FIG. 3 illustrates interference mechanisms among
the various blocks of an RF transceiver, which the embodi-
ments of the invention in FIGS. 2A-2D, depicting RF
transceivers partitioned according to the invention, seek to
overcome, reduce, or minimize.

[0016] FIG. 4 shows a more detailed block diagram of RF
transceiver circuitry partitioned according to the invention.

[0017] FIG. 5 illustrates an alternative technique for par-
titioning RF transceiver circuitry.

[0018] FIG. 6 shows yet another alternative technique for
partitioning RF transceiver circuitry.

[0019] FIG. 7 depicts a more detailed block diagram of
RF transceiver circuitry partitioned according to the inven-
tion, in which the receiver digital circuitry resides within the
baseband processor circuitry.

[0020] FIG. 8 illustrates a more detailed block diagram of
a multi-band RF transceiver circuitry partitioned according
to the invention.

[0021] FIG. 9A shows a block diagram of an embodiment
of the interface between the receiver digital circuitry and
receiver analog circuitry in an RF transceiver according to
the invention.

[0022] FIG. 9B depicts a block diagram of another
embodiment of the interface between the baseband proces-
sor circuitry and the receiver analog circuitry in an RF
transceiver according to the invention, in which the receiver
digital circuitry resides within the baseband processor cir-
cuitry.

[0023] FIG. 10 illustrates a more detailed block diagram
of the interface between the receiver analog circuitry and the
receiver digital circuitry, with the interface configured as a
serial interface.

[0024] FIG. 11A shows a more detailed block diagram of
an embodiment of the interface between the receiver analog
circuitry and the receiver digital circuitry, with the interface
configured as a data and clock signal interface.

[0025] FIG. 11B illustrates a block diagram of an embodi-
ment of a delay-cell circuitry that includes a clock driver
circuitry in tandem with a clock receiver circuitry.

[0026] FIG. 12 depicts a schematic diagram of an embodi-
ment of a signal-driver circuitry used to interface the
receiver analog circuitry and the receiver digital circuitry
according to the invention.

[0027] FIGS. 13A and 13B illustrate schematic diagrams
of embodiments of signal-receiver circuitries used to inter-
face the receiver analog circuitry and the receiver digital
circuitry according to the invention.
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[0028] FIG. 14 shows a schematic diagram of another
signal-driver circuitry that one may use to interface the
receiver analog circuitry and the receiver digital circuitry
according to the invention.

[0029] FIG. 15 depicts a portion of a typical spectrum in
exemplary embodiments of the invention of the output
signal of the receiver analog circuitry that includes the
desired signal.

[0030] FIG. 16 illustrates a typical plot of the quantization
noise transfer function of the analog-digital converter cir-
cuitries in exemplary embodiments of the invention.

[0031] FIG. 17A shows a conceptual or functional block
diagram that provides more details of a receiver digital
circuitry according to the invention.

[0032] FIG. 17B illustrates a conceptual or functional
block diagram that provides more details of a receiver digital
circuitry according to the invention that includes program-
mable-gain amplifier circuitries.

[0033] FIG. 18A depicts a conceptual or functional block
diagram that provides more details of an alternative archi-
tecture for a receiver digital circuitry according to the
invention.

[0034] FIG. 18B shows a conceptual or functional block
diagram that provides more details of an alternative archi-
tecture for a receiver digital circuitry according to the
invention that includes programmable-gain amplifier circuit-
ries.

[0035] FIG. 19 illustrates a conceptual or functional block
diagram of an exemplary embodiment of a digital down-
converter circuitry for use in receiver digital circuitry
according to the invention.

[0036] FIG. 20A shows a conceptual or functional block
diagram of an exemplary embodiment of an intermediate-
frequency local-oscillator (IF LO) circuitry for use in
receiver digital circuitry according to the invention.

[0037] FIG. 20B illustrates a conceptual or functional
block diagram of another exemplary embodiment of a
combined digital down-converter circuitry and IF LO cir-
cuitry for use in receiver digital circuitry according to the
invention.

[0038] FIG. 21 depicts a conceptual or functional block
diagram of a digital integrator circuitry for use in exemplary
embodiments of digital filter circuitry according to the
invention.

[0039] FIG. 22 illustrates a conceptual or functional block
diagram of a digital differentiator circuitry for use in exem-
plary embodiments of digital filter circuitry according to the
invention.

[0040] FIG. 23 shows a conceptual or functional block
diagram of signal flow within a first-order cascaded inte-
grator/comb (CIC) filter circuitry for use in exemplary
embodiments of digital filter circuitry according to the
invention.

[0041] FIG. 24 depicts a conceptual or functional block
diagram of a boxcar filter circuitry for use in exemplary
embodiments of digital filter circuitry according to the
invention.
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[0042] FIG. 25 illustrates a conceptual or functional block
diagram of a CIC filter circuitry, which includes decimator
circuitry, for use in exemplary embodiments of digital filter
circuitry according to the invention.

[0043] FIG. 26 shows a conceptual or functional block
diagram of a second-order filter circuitry for use in exem-
plary embodiments of digital filter circuitry according to the
invention.

[0044] FIG. 27 depicts a conceptual or functional block
diagram of a notch filter circuitry for use in exemplary
embodiments of digital filter circuitry according to the
invention.

[0045] FIG. 28A illustrates a conceptual or functional
block diagram of a cascade arrangement of a biquad filter
circuitry and a notch filter circuitry for use in digital filter
circuitry according to the invention.

[0046] FIG. 28B illustrates a conceptual or functional
block diagram of a cascade arrangement of a notch filter
circuitry and a biquad filter circuitry for use in digital filter
circuitry according to the invention.

[0047] FIG. 29A shows a conceptual or functional block
diagram of a digital filter circuitry for use in RF apparatus
according to the invention, which includes two biquad filter
sections and a notch filter section.

[0048] FIG. 29B depicts a conceptual or functional block
diagram of a digital filter circuitry for use in RF apparatus
according to the invention that includes three biquad filter
sections and a notch filter section.

[0049] FIG. 29C illustrates a conceptual or functional
block diagram of digital filter circuitry for use in RF
apparatus according to the invention that includes five
biquad filter sections and a notch filter section.

[0050] FIG. 29D shows a conceptual or functional block
diagram of a digital filter circuitry for use in RF apparatus
according to the invention, which includes a notch filter
section and two biquad filter sections.

[0051] FIG. 29E depicts a conceptual or functional block
diagram of a digital filter circuitry for use in RF apparatus
according to the invention that includes a notch filter section
and three biquad filter sections.

[0052] FIG. 29F illustrates a conceptual or functional
block diagram of digital filter circuitry for use in RF
apparatus according to the invention that includes a notch
filter section and five biquad filter sections.

[0053] FIG. 30A shows a pole-zero diagram on a unit
circle for the IIR filter circuitry illustrated in FIG. 29E.

[0054] FIG. 30B depicts plots of magnitude response
curves for the IIR filter circuitry illustrated in FIG. 29E.

[0055] FIG. 30C illustrates plots of group delay response
curves for the IIR filter circuitry illustrated in FIG. 29E.

[0056] FIG. 31 shows a typical spectrum of the signal at
the input of the receiver digital circuitry in exemplary
embodiments of the invention.

[0057] FIG. 32 depicts a typical spectrum of the signal at
an output of a digital down-converter circuitry in exemplary
embodiments of the invention.
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[0058] FIG. 33 illustrates a typical spectrum of the signal
at an output of a decimator circuitry in exemplary embodi-
ments of the invention.

[0059] FIG. 34 shows a typical spectrum of the signal at
an output of a notch-filter circuitry in exemplary embodi-
ments of the invention.

[0060] FIG. 35 depicts a typical spectrum of the signal at
an output of the IIR filter circuitry in exemplary embodi-
ments of the invention.

[0061] FIG. 36A illustrates a pole-zero diagram of a
double-sided notch-filter circuitry for use in exemplary
embodiments of the invention.

[0062] FIG. 36B shows a frequency-domain response
spectrum for the double-sided notch-filter circuitry for use in
exemplary embodiments of the invention.

[0063] FIG. 37A depicts a pole-zero diagram of a single-
sided notch-filter circuitry for use in exemplary embodi-
ments of the invention.

[0064] FIG. 37B illustrates a frequency-domain response
spectrum for a single-sided notch-filter circuitry for use in
exemplary embodiments of the invention.

[0065] FIG. 38 shows a conceptual or functional block
diagram of an alternative notch-filter circuitry for use in
exemplary embodiments of the invention.

[0066] FIG. 39 illustrates a typical pole-zero diagram that
demonstrates adjustment or gear-shifting of a notch-filter
circuitry in exemplary embodiments of the invention.

[0067] FIG. 40 shows a timeline for the operation of
various blocks, including the notch filter circuitry, in exem-
plary embodiments of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0068] This invention in part contemplates partitioning RF
apparatus so as to provide highly integrated, high-perfor-
mance, low-cost, and low form-factor RF solutions. One
may use RF apparatus according to the invention in high-
performance communication systems. More particularly, the
invention in part relates to partitioning RF receiver or
transceiver circuitry in a way that minimizes, reduces, or
overcomes interference effects among the various blocks of
the RF receiver or transceiver, while simultaneously satis-
fying the requirements of the standards that govern RF
receiver or transceiver performance. Those standards
include the Global System for Mobile (GSM) communica-
tion, Personal Communication Services (PCS), Digital Cel-
lular System (DCS), Enhanced Data for GSM Evolution
(EDGE), and General Packet Radio Services (GPRS). RF
receiver or transceiver circuitry partitioned according to the
invention therefore overcomes interference effects that
would be present in highly integrated RF receivers or
transceivers while meeting the requirements of the govern-
ing standards at low cost and with a low form-factor. The
description of the invention refers to circuit partition and
circuit block interchangeably.

[0069] FIG. 1 shows the general block diagram of an RF
transceiver circuitry 100 according to the invention. The RF
transceiver circuitry 100 includes radio circuitry 110 that
couples to an antenna 130 via a bi-directional signal path
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160. The radio circuitry 110 provides an RF transmit signal
to the antenna 130 via the bi-directional signal path 160
when the transceiver is in transmit mode. When in the
receive mode, the radio circuitry 110 receives an RF signal
from the antenna 130 via the bi-directional signal path 160.

[0070] The radio circuitry 110 also couples to a baseband
processor circuitry 120. The baseband processor circuitry
120 may comprise a digital-signal processor (DSP). Alter-
natively, or in addition to the DSP, the baseband processor
circuitry 120 may comprise other types of signal processor,
as persons skilled in the art understand. The radio circuitry
110 processes the RF signals received from the antenna 130
and provides receive signals 140 to the baseband processor
circuitry 120. In addition, the radio circuitry 110 accepts
transmit input signals 150 from the baseband processor 120
and provides the RF transmit signals to the antenna 130.

[0071] FIGS. 2A-2D show various embodiments of RF
transceiver circuitry partitioned according to the invention.
FIG. 3 and its accompanying description below make clear
the considerations that lead to the partitioning of the RF
transceiver circuitry as shown in FIGS. 2A-2D. FIG. 2A
illustrates an embodiment 200A of an RF transceiver cir-
cuitry partitioned according to the invention. In addition to
the elements described in connection with FIG. 1, the RF
transceiver 200A includes antenna interface circuitry 202,
receiver circuitry 210, transmitter circuitry 216, reference
generator circuitry 218, and local oscillator circuitry 222.

[0072] The reference generator circuitry 218 produces a
reference signal 220 and provides that signal to the local
oscillator circuitry 222 and to receiver digital circuitry 212.
The reference signal 220 preferably comprises a clock
signal, although it may include other signals, as desired. The
local oscillator circuitry 222 produces an RF local oscillator
signal 224, which it provides to receiver analog circuitry 208
and to the transmitter circuitry 216. The local oscillator
circuitry 222 also produces a transmitter intermediate-fre-
quency (IF) local oscillator signal 226 and provides that
signal to the transmitter circuitry 216. Note that, in RF
transceivers according to the invention, the receiver analog
circuitry 208 generally comprises mostly analog circuitry in
addition to some digital or mixed-mode circuitry, for
example, analog-to-digital converter (ADC) circuitry and
circuitry to provide an interface between the receiver analog
circuitry and the receiver digital circuitry, as described
below.

[0073] The antenna interface circuitry 202 facilitates com-
munication between the antenna 130 and the rest of the RF
transceiver. Although not shown explicitly, the antenna
interface circuitry 202 may include a transmit/receive mode
switch, RF filters, and other transceiver front-end circuitry,
as persons skilled in the art understand. In the receive mode,
the antenna interface circuitry 202 provides RF receive
signals 204 to the receiver analog circuitry 208. The receiver
analog circuitry 208 uses the RF local oscillator signal 224
to process (e.g., down-convert) the RF receive signals 204
and produce a processed analog signal. The receiver analog
circuitry 208 converts the processed analog signal to digital
format and supplies the resulting digital receive signals 228
to the receiver digital circuitry 212. The receiver digital
circuitry 212 further processes the digital receive signals 228
and provides the resulting receive signals 140 to the base-
band processor circuitry 120.
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[0074] In the transmit mode, the baseband processor cir-
cuitry 120 provides transmit input signals 150 to the trans-
mitter circuitry 216. The transmitter circuitry 216 uses the
RF local oscillator signal 224 and the transmitter IF local
oscillator signal 226 to process the transmit input signals
150 and to provide the resulting transmit RF signal 206 to
the antenna interface circuitry 202. The antenna interface
circuitry 202 may process the transmit RF signal further, as
desired, and provide the resulting signal to the antenna 130
for propagation into a transmission medium.

[0075] The embodiment 200A in FIG. 2A comprises a
first circuit partition, or circuit block, 214 that includes the
receiver analog circuitry 208 and the transmitter circuitry
216. The embodiment 200A also includes a second circuit
partition, or circuit block, that includes the receiver digital
circuitry 212. The embodiment 200A further includes a third
circuit partition, or circuit block, that comprises the local
oscillator circuitry 222. The first circuit partition 214, the
second circuit partition 212, and the third circuit partition
222 are partitioned from one another so that interference
effects among the circuit partitions tend to be reduced. The
first, second, and third circuit partitions preferably each
reside within an integrated circuit device. In other words,
preferably the receiver analog circuitry 208 and the trans-
mitter circuitry 216 reside within an integrated circuit
device, the receiver digital circuitry 212 resides within
another integrated circuit device, and the local oscillator
circuitry 222 resides within a third integrated circuit device.

[0076] FIG. 2B shows an embodiment 200B of an RF
transceiver circuitry partitioned according to the invention.
The embodiment 200B has the same circuit topology as that
of embodiment 200A in FIG. 2A. The partitioning of
embodiment 200B, however, differs from the partitioning of
embodiment 200A. Like embodiment 200A, embodiment
200B has three circuit partitions, or circuit blocks. The first
and the third circuit partitions in embodiment 200B are
similar to the first and third circuit partitions in embodiment
200A. The second circuit partition 230 in embodiment
200B, however, includes the reference signal generator 218
in addition to the receiver digital circuitry 212. As in
embodiment 200A, embodiment 200B is partitioned so that
interference effects among the three circuit partitions tend to
be reduced.

[0077] FIG. 2C illustrates an embodiment 200C, which
constitutes a variation of embodiment 200A in FIG. 2A.
Embodiment 200C shows that one may place the reference
signal generator 218 within the baseband processor circuitry
120, as desired. Placing the reference signal generator 218
within the baseband processor circuitry 120 obviates the
need for either discrete reference signal generator circuitry
218 or an additional integrated circuit or module that
includes the reference signal generator 218. Embodiment
200C has the same partitioning as embodiment 200A, and
operates in a similar manner.

[0078] Note that FIGS. 2A-2C show the receiver circuitry
210 as a block to facilitate the description of the embodi-
ments shown in those figures. In other words, the block
containing the receiver circuitry 210 in FIGS. 2A-2C con-
stitutes a conceptual depiction of the receiver circuitry
within the RF transceiver shown in FIGS. 2A-2C, not a
circuit partition or circuit block.

[0079] FIG. 2D shows an embodiment 200D of an RF
transceiver partitioned according to the invention. The RF
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transceiver in FIG. 2D operates similarly to the transceiver
shown in FIG. 2A. The embodiment 200D, however,
accomplishes additional economy by including the receiver
digital circuitry 212 within the baseband processor circuitry
120. As one alternative, one may integrate the entire receiver
digital circuitry 212 on the same integrated circuit device
that includes the baseband processor circuitry 120. Note that
one may use software (or firmware), hardware, or a combi-
nation of software (or firmware) and hardware to realize the
functions of the receiver digital circuitry 212 within the
baseband processor circuitry 120, as persons skilled in the
art who have the benefit of the description of the invention
understand. Note also that, similar to the embodiment 200C
in FIG. 2C, the baseband processor circuitry 120 in embodi-
ment 200D may also include the reference signal generator
218, as desired.

[0080] The partitioning of embodiment 200D involves
two circuit partitions, or circuit blocks. The first circuit
partition 214 includes the receiver analog circuitry 208 and
the transmitter circuitry 216. The second circuit partition
includes the local oscillator circuitry 222. The first and
second circuit partitions are partitioned so that interference
effects between them tend to be reduced.

[0081] FIG. 3 shows the mechanisms that may lead to
interference among the various blocks or components in a
typical RF transceiver, for example, the transceiver shown in
FIG. 2A. Note that the paths with arrows in FIG. 3 represent
interference mechanisms among the blocks within the trans-
ceiver, rather than desired signal paths. One interference
mechanism results from the reference signal 220 (see FIGS.
2A-2D), which preferably comprises a clock signal. In the
preferred embodiments, the reference generator circuitry
produces a clock signal that may have a frequency of 13
MHz (GSM clock frequency) or 26 MHz. If the reference
generator produces a 26 MHz clock signal, RF transceivers
according to the invention preferably divide that signal by
two to produce a 13 MHz master system clock. The clock
signal typically includes voltage pulses that have many
Fourier series harmonics. The Fourier series harmonics
extend to many multiples of the clock signal frequency.
Those harmonics may interfere with the receiver analog
circuitry 208 (e.g., the low-noise amplifier, or LNA), the
local oscillator circuitry 222 (e.g., the synthesizer circuitry),
and the transmitter circuitry 216 (e.g., the transmitter’s
voltage-controlled oscillator, or VCO). FIG. 3 shows these
sources of interference as interference mechanisms 360,
350, and 340.

[0082] The receiver digital circuitry 212 uses the output of
the reference generator circuitry 218, which preferably com-
prises a clock signal. Interference mechanism 310 exists
because of the sensitivity of the receiver analog circuitry 208
to the digital switching noise and harmonics present in the
receiver digital circuitry 212. Interference mechanism 310
may also exist because of the digital signals (for example,
clock signals) that the receiver digital circuitry 212 com-
municates to the receiver analog circuitry 208. Similarly, the
digital switching noise and harmonics in the receiver digital
circuitry 212 may interfere with the local oscillator circuitry
222, giving rise to interference mechanism 320 in FIG. 3.

[0083] The local oscillator circuitry 222 typically uses an
inductor in an inductive-capacitive (LC) resonance tank (not
shown explicitly in the figures). The resonance tank may
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circulate relatively large currents. Those currents may
couple to the sensitive circuitry within the transmitter cir-
cuitry 216 (e.g., the transmitter’s VCO), thus giving rise to
interference mechanism 330. Similarly, the relatively large
currents circulating within the resonance tank of the local
oscillator circuitry 222 may saturate sensitive components
within the receiver analog circuitry 208 (e.g., the LNA
circuitry). FIG. 3 depicts this interference source as inter-
ference mechanism 370.

[0084] The timing of the transmit mode and receive mode
in the GSM specifications help to mitigate potential inter-
ference between the transceiver’s receive-path circuitry and
its transmit-path circuitry. The GSM specifications use time-
division duplexing (TDD). According to the TDD protocol,
the transceiver deactivates the transmit-path circuitry while
in the receive mode of operation, and vice-versa. Conse-
quently, FIG. 3 does not show potential interference mecha-
nisms between the transmitter circuitry 216 and either the
receiver digital circuitry 212 or the receiver analog circuitry
208.

[0085] As FIG. 3 illustrates, interference mechanisms
exist between the local oscillator circuitry 222 and each of
the other blocks or components in the RF transceiver. Thus,
to reduce interference effects, RF transceivers according to
the invention preferably partition the local oscillator cir-
cuitry 222 separately from the other transceiver blocks
shown in FIG. 3. Note, however, that in some circumstances
one may include parts or all of the local oscillator circuitry
within the same circuit partition (for example, circuit par-
tition 214 in FIGS. 2A-2D) that includes the receiver analog
circuitry and the transmitter circuitry, as desired. Typically,
a voltage-controlled oscillator (VCO) within the local oscil-
lator circuitry causes interference with other sensitive circuit
blocks (for example, the receiver analog circuitry) through
undesired coupling mechanisms. If those coupling mecha-
nisms can be mitigated to the extent that the performance
characteristics of the RF transceiver are acceptable in a
given application, then one may include the local oscillator
circuitry within the same circuit partition as the receiver
analog circuitry and the transmitter circuitry. Alternatively,
if the VCO circuitry causes unacceptable levels of interfer-
ence, one may include other parts of the local oscillator
circuitry within the circuit partition that includes the receiver
analog circuitry and the transmitter circuitry, but exclude the
VCO circuitry from that circuit partition.

[0086] To reduce the effects of interference mechanism
310, RF transceivers according to the invention partition the
receiver analog circuitry 208 separately from the receiver
digital circuitry 212. Because of the mutually exclusive
operation of the transmitter circuitry 216 and the receiver
analog circuitry 208 according to GSM specifications, the
transmitter circuitry 216 and the receiver analog circuitry
208 may reside within the same circuit partition, or circuit
block. Placing the transmitter circuitry 216 and the receiver
analog circuitry 208 within the same circuit partition results
in a more integrated RF transceiver overall. The RF trans-
ceivers shown in FIGS. 2A-2D employ partitioning tech-
niques that take advantage of the above analysis of the
interference mechanisms among the various transceiver
components. To reduce interference effects among the vari-
ous circuit partitions or circuit blocks even further, RF
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transceivers according to the invention also use differential
signals to couple the circuit partitions or circuit blocks to one
another.

[0087] FIG. 4 shows a more detailed block diagram of an
embodiment 400 of an RF transceiver partitioned according
to the invention. The transceiver includes receiver analog
circuitry 408, receiver digital circuitry 426, and transmitter
circuitry 465. In the receive mode, the antenna interface
circuitry 202 provides an RF signal 401 to a filter circuitry
403. The filter circuitry 403 provides a filtered RF signal 406
to the receiver analog circuitry 408. The receiver analog
circuitry 408 includes down-converter (i.e., mixer) circuitry
409 and analog-to-digital converter (ADC) circuitry 418.
The down-converter circuitry 409 mixes the filtered RF
signal 406 with an RF local oscillator signal 454, received
from the local oscillator circuitry 222. The down-converter
circuitry 409 provides an in-phase analog down-converted
signal 412 (i.e., I-channel signal) and a quadrature analog
down-converted signal 415 (i.e., Q-channel signal) to the
ADC circuitry 418.

[0088] The ADC circuitry 418 converts the in-phase ana-
log down-converted signal 412 and the quadrature analog
down-converted signal 415 into a one-bit in-phase digital
receive signal 421 and a one-bit quadrature digital receive
signal 424. (Note that FIGS. 4-8 illustrate signal flow, rather
than specific circuit implementations; for more details of the
circuit implementation, for example, more details of the
circuitry relating to the one-bit in-phase digital receive
signal 421 and the one-bit quadrature digital receive signal
424, see FIGS. 9-14.) Thus, The ADC circuitry 418 provides
the one-bit in-phase digital receive signal 421 and the
one-bit quadrature digital receive signal 424 to the receiver
digital circuitry 426. As described below, rather than, or in
addition to, providing the one-bit in-phase and quadrature
digital receive signals to the receiver digital circuitry 426,
the digital interface between the receiver analog circuitry
408 and the receiver digital circuitry 426 may communicate
various other signals. By way of illustration, those signals
may include reference signals (e.g., clock signals), control
signals, logic signals, hand-shaking signals, data signals,
status signals, information signals, flag signals, and/or con-
figuration signals. Moreover, the signals may constitute
single-ended or differential signals, as desired. Thus, the
interface provides a flexible communication mechanism
between the receiver analog circuitry and the receiver digital
circuitry.

[0089] The receiver digital circuitry 426 includes digital
down-converter circuitry 427, digital filter circuitry 436, and
digital-to-analog converter (DAC) circuitry 445. The digital
down-converter circuitry 427 accepts the one-bit in-phase
digital receive signal 421 and the one-bit quadrature digital
receive signal 424 from the receiver analog circuitry 408.
The digital down-converter circuitry 427 converts the
received signals into a down-converted in-phase signal 430
and a down-converted quadrature signal 433 and provides
those signals to the digital filter circuitry 436. The digital
filter circuitry 436 preferably comprises an infinite impulse
response (IIR) channel-select filter that performs various
filtering operations on its input signals. The digital filter
circuitry 436 preferably has programmable response char-
acteristics. Note that, rather than using an IIR filter, one may
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use other types of filter (e.g., finite impulse-response, or FIR,
filters) that provide fixed or programmable response char-
acteristics, as desired.

[0090] The digital filter circuitry 436 provides a digital
in-phase filtered signal 439 and a digital quadrature filtered
signal 442 to the DAC circuitry 445. The DAC circuitry 445
converts the digital in-phase filtered signal 439 and the
digital quadrature filtered signal 442 to an in-phase analog
receive signal 448 and a quadrature analog receive signal
451, respectively. The baseband processor circuitry 120
accepts the in-phase analog receive signal 448 and the
quadrature analog receive signal 451 for further processing.

[0091] The transmitter circuitry 465 comprises baseband
up-converter circuitry 466, offset phase-lock-loop (PLL)
circuitry 472, and transmit voltage-controlled oscillator
(VCO) circuitry 481. The transmit VCO circuitry 481 typi-
cally has low-noise circuitry and is sensitive to external
noise. For example, it may pick up interference from digital
switching because of the high gain that results from the
resonant L.C-tank circuit within the transmit VCO circuitry
481. The baseband up-converter circuitry 466 accepts an
intermediate frequency (IF) local oscillator signal 457 from
the local oscillator circuitry 222. The baseband up-converter
circuitry 466 mixes the IF local oscillator signal 457 with an
analog in-phase transmit input signal 460 and an analog
quadrature transmit input signal 463 and provides an up-
converted IF signal 469 to the offset PLL circuitry 472.

[0092] The offset PLL circuitry 472 effectively filters the
IF signal 469. In other words, the offset PLL circuitry 472
passes through it signals within its bandwidth but attenuates
other signals. In this manner, the offset PLL circuitry 472
attenuates any spurious or noise signals outside its band-
width, thus reducing the requirement for filtering at the
antenna 130, and reducing system cost, insertion loss, and
power consumption. The offset PLL circuitry 472 forms a
feedback loop with the transmit VCO circuitry 481 via an
offset PLL output signal 475 and a transmit VCO output
signal 478. The transmit VCO circuitry 481 preferably has
a constant-amplitude output signal.

[0093] The offset PLL circuitry 472 uses a mixer (not
shown explicitly in FIG. 4) to mix the RF local oscillator
signal 454 with the transmit VCO output signal 478. Power
amplifier circuitry 487 accepts the transmit VCO output
signal 478, and provides an amplified RF signal 490 to the
antenna interface circuitry 202. The antenna interface cir-
cuitry 202 and the antenna 130 operate as described above.
RF transceivers according to the invention preferably use
transmitter circuitry 465 that comprises analog circuitry, as
shown in FIG. 4. Using such circuitry minimizes interfer-
ence with the transmit VCO circuitry 481 and helps to meet
emission specifications for the transmitter circuitry 465.

[0094] The receiver digital circuitry 426 also accepts the
reference signal 220 from the reference generator circuitry
218. The reference signal 220 preferably comprises a clock
signal. The receiver digital circuitry 426 provides to the
transmitter circuitry 465 a switched reference signal 494 by
using a switch 492. Thus, the switch 492 may selectively
provide the reference signal 220 to the transmitter circuitry
465. Before the RF transceiver enters its transmit mode, the
receiver digital circuitry 426 causes the switch 492 to close,
thus providing the switched reference signal 494 to the
transmitter circuitry 465.
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[0095] The transmitter circuitry 465 uses the switched
reference signal 494 to calibrate or adjust some of its
components. For example, the transmitter circuitry 465 may
use the switched reference signal 494 to calibrate some of its
components, such as the transmit VCO circuitry 481, for
example, as described in commonly owned U.S. Pat. No.
6,137,372, incorporated by reference here in its entirety. The
transmitter circuitry 465 may also use the switched reference
signal 494 to adjust a voltage regulator within its output
circuitry so as to transmit at known levels of RF radiation or
power.

[0096] While the transmitter circuitry 465 calibrates and
adjusts its components, the analog circuitry within the
transmitter circuitry 465 powers up and begins to settle.
When the transmitter circuitry 465 has finished calibrating
its internal circuitry, the receiver digital circuitry 426 causes
the switch 492 to open, thus inhibiting the supply of the
reference signal 220 to the transmitter circuitry 465. At this
point, the transmitter circuitry may power up the power
amplifier circuitry 487 within the transmitter circuitry 4685.
The RF transceiver subsequently enters the transmit mode of
operation and proceeds to transmit.

[0097] Note that FIG. 4 depicts the switch 492 as a simple
switch for conceptual, schematic purposes. One may use a
variety of devices to realize the function of the controlled
switch 492, for example, semiconductor switches, gates, or
the like, as persons skilled in the art who have the benefit of
the disclosure of the invention understand. Note also that,
although FIG. 4 shows the switch 492 as residing within the
receiver digital circuitry 426, one may locate the switch in
other locations, as desired. Placing the switch 492 within the
receiver digital circuitry 426 helps to confine to the receiver
digital circuitry 426 the harmonics that result from the
switching circuitry.

[0098] The embodiment 400 in FIG. 4 comprises a first
circuit partition 407, or circuit block, that includes the
receiver analog circuitry 408 and the transmitter circuitry
465. The embodiment 400 also includes a second circuit
partition, or circuit block, that includes the receiver digital
circuitry 426. Finally, the embodiment 400 includes a third
circuit partition, or circuit block, that comprises the local
oscillator circuitry 222. The first circuit partition 407, the
second circuit partition, and the third circuit partition are
partitioned from one another so that interference effects
among the circuit partitions tend to be reduced. That
arrangement tends to reduce the interference effects among
the circuit partitions by relying on the analysis of interfer-
ence effects provided above in connection with FIG. 3.
Preferably, the first, second, and third circuit partitions each
reside within an integrated circuit device. To further reduce
interference effects among the circuit partitions, the embodi-
ment 400 in FIG. 4 uses differential signals wherever
possible. The notation “(diff.)” adjacent to signal lines or
reference numerals in FIG. 4 denotes the use of differential
lines to propagate the annotated signals.

[0099] Note that the embodiment 400 shown in FIG. 4
uses an analog-digital-analog signal path in its receiver
section. In other words, the ADC circuitry 418 converts
analog signals into digital signals for further processing, and
later conversion back into analog signals by the DAC
circuitry 445. RF transceivers according to the invention use
this particular signal path for the following reasons. First,
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the ADC circuitry 418 obviates the need for propagating
signals from the receiver analog circuitry 408 to the receiver
digital circuitry 426 over an analog interface with a rela-
tively high dynamic range. The digital interface comprising
the one-bit in-phase digital receive signal 421 and the
one-bit quadrature digital receive signal 424 is less suscep-
tible to the effects of noise and interference than would be
an analog interface with a relatively high dynamic range.

[0100] Second, the RF transceiver in FIG. 4 uses the DAC
circuitry 445 to maintain compatibility with interfaces com-
monly used to communicate with baseband processor cir-
cuitry in RF transceivers. According to those interfaces, the
baseband processor accepts analog, rather than digital, sig-
nals from the receive path circuitry within the RF trans-
ceiver. In an RF transceiver that meets the specifications of
those interfaces, the receiver digital circuitry 426 would
provide analog signals to the baseband processor circuitry
120. The receiver digital circuitry 426 uses the DAC cir-
cuitry 445 to provide analog signals (i.¢., the in-phase analog
receive signal 448 and the quadrature analog receive signal
451) to the baseband processor circuitry 120. The DAC
circuitry 445 allows programming the common-mode level
and the full-scale voltage, which may vary among different
baseband processor circuitries.

[0101] Third, compared to an analog solution, the analog-
digital-analog signal path may result in reduced circuit size
and area (for example, the area occupied within an inte-
grated circuit device), thus lower cost. Fourth, the digital
circuitry provides better repeatability, relative ease of test-
ing, and more robust operation than its analog counterpart.
Fifth, the digital circuitry has less dependence on supply
voltage variation, temperature changes, and the like, than
does comparable analog circuitry.

[0102] Sixth, the baseband processor circuitry 120 typi-
cally includes programmable digital circuitry, and may sub-
sume the functionality of the digital circuitry within the
receiver digital circuitry 426, if desired. Seventh, the digital
circuitry allows more precise signal processing, for example,
filtering, of signals within the receive path. Eighth, the
digital circuitry allows more power-efficient signal process-
ing. Finally, the digital circuitry allows the use of readily
programmable DAC circuitry and PGA circuitry that pro-
vide for more flexible processing of the signals within the
receive path. To benefit from the analog-digital-analog sig-
nal path, RF transceivers according to the invention use a
low-IF signal (for example, 100 KHz for GSM applications)
in their receive path circuitry, as using higher IF frequencies
may lead to higher performance demands on the ADC and
DAC circuitry within that path. The low-IF architecture also
eases image-rejection requirements, and allows on-chip inte-
gration of the digital filter circuitry 436. Moreover, RF
transceivers according to the invention use the digital down-
converter circuitry 427 and the digital filter circuitry 436 to
implement a digital-IF path in the receive signal path. The
digital-IF architecture facilitates the implementation of the
digital interface between the receiver digital circuitry 426
and the receiver analog circuitry 408.

[0103] If the receiver digital circuitry 426 need not be
compatible with the common analog interface to baseband
processors, one may remove the DAC circuitry 445 and use
a digital interface to the baseband processor circuitry 120, as
desired. In fact, similar to the RF transceiver shown in FIG.
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2D, one may realize the function of the receiver digital
circuitry 426 within the baseband processor circuitry 120,
using hardware, software, or a combination of hardware and
software. In that case, the RF transceiver would include two
circuit partitions, or circuit blocks. The first circuit partition,
or circuit block, 407 would include the receiver analog
circuitry 408 and the transmitter circuitry 465. A second
circuit partition, or circuit block, would comprise the local
oscillator circuitry 222. Note also that, similar to the RF
transceiver shown in FIG. 2C, one may include within the
baseband processor circuitry 120 the functionality of the
reference generator circuitry 218, as desired.

[0104] One may partition the RF transceiver shown in
FIG. 4 in other ways. FIGS. 5 and 6 illustrate alternative
partitioning of the RF transceiver of FIG. 4. FIG. 5 shows
an embodiment 500 of an RF transceiver that includes three
circuit partitions, or circuit blocks. A first circuit partition
includes the receiver analog circuitry 408. A second circuit
partition 505 includes the receiver digital circuitry 426 and
the transmitter circuitry 465. As noted above, the GSM
specifications provide for alternate operation of RF trans-
ceivers in receive and transmit modes. The partitioning
shown in FIG. § takes advantage of the GSM specifications
by including the receiver digital circuitry 426 and the
transmitter circuitry 465 within the second circuit partition
505. A third circuit partition includes the local oscillator
circuitry 222. Preferably, the first, second, and third circuit
partitions each reside within an integrated circuit device.
Similar to embodiment 400 in FIG. 4, the embodiment 500
in FIG. 5 uses differential signals wherever possible to
further reduce interference effects among the circuit parti-
tions.

[0105] FIG. 6 shows another alternative partitioning of an
RF transceiver. FIG. 6 shows an embodiment 600 of an RF
transceiver that includes three circuit partitions, or circuit
blocks. A first circuit partition 610 includes part of the
receiver analog circuitry, i.e., the down-converter circuitry
409, together with the transmitter circuitry 465. A second
circuit partition 620 includes the ADC circuitry 418,
together with the receiver digital circuitry, i.e., the digital
down-converter circuitry 427, the digital filter circuitry 436,
and the DAC circuitry 445. A third circuit partition includes
the local oscillator circuitry 222. Preferably, the first, sec-
ond, and third circuit partitions each reside within an inte-
grated circuit device. Similar to embodiment 400 in FIG. 4,
the embodiment 600 in FIG. 6 uses differential signals
wherever possible to further reduce interference effects
among the circuit partitions.

[0106] FIG. 7 shows a variation of the RF transceiver
shown in FIG. 4. FIG. 7 illustrates an embodiment 700 of
an RF transceiver partitioned according to the invention.
Note that, for the sake of clarity, FIG. 7 does not explicitly
show the details of the receiver analog circuitry 408, the
transmitter circuitry 465, and the receiver digital circuitry
426. The receiver analog circuitry 408, the transmitter
circuitry 465, and the receiver digital circuitry 426 include
circuitry similar to those shown in their corresponding
counterparts in FIG. 4. Similar to the RF transceiver shown
in FIG. 2D, the embodiment 700 in FIG. 7 shows an RF
transceiver in which the baseband processor 120 includes
the function of the receiver digital circuitry 426. The base-
band processor circuitry 120 may realize the function of the
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receiver digital circuitry 426 using hardware, software, or a
combination of hardware and software.

[0107] Because the embodiment 700 includes the function
of the receiver digital circuitry 426 within the baseband
processor circuitry 120, it includes two circuit partitions, or
circuit blocks. A first circuit partition 710 includes the
receiver analog circuitry 408 and the transmitter circuitry
465. A second circuit partition comprises the local oscillator
circuitry 222. Note also that, similar to the RF transceiver
shown in FIG. 2C, one may also include within the base-
band processor circuitry 120 the functionality of the refer-
ence generator circuitry 218, as desired.

[0108] FIG. 8 shows an embodiment 800 of a multi-band
RF transceiver, partitioned according to the invention. Pref-
erably, the RF transceiver in FIG. 8 operates within the
GSM (925 to 960 MHz for reception and 880-915 MHz for
transmission), PCS (1930 to 1990 MHz for reception and
1850-1910 MHz for transmission), and DCS (1805 to 1880
MHz for reception and 1710-1785 MHz for transmission)
bands. Like the RF transceiver in FIG. 4, the RF transceiver
in FIG. 8 uses a low-IF architecture. The embodiment 800
includes receiver analog circuitry 839, receiver digital cir-
cuitry 851, transmitter circuitry 877, local oscillator circuitry
222, and reference generator circuitry 218. The local oscil-
lator circuitry 222 includes RF phase-lock loop (PLL)
circuitry 840 and intermediate-frequency (IF) PLL circuitry
843. The RF PLL circuitry 840 produces the RF local
oscillator, or RF LO, signal 454, whereas the IF PLL
circuitry 843 produces the IF local oscillator, or IF LO,
signal 457.

[0109] Table 1 below shows the preferred frequencies for
the RF local oscillator signal 454 during the receive mode:

TABLE 1
RF Local Oscillator
Band Frequency (MHz)
GSM 1849.8-1919.8
DCS 1804.9-1879.9
PCS 1929.9-1989.9
All Bands 1804.9-1989.9

[0110] Table 2 below lists the preferred frequencies for the
RF local oscillator signal 454 during the transmit mode:

TABLE 2
RF Local Oscillator
Band Frequency (MHz)
GSM 1279-1314
DCS 1327-1402
PCS 1423-1483
All Bands 1279-1483

[0111] During the receive mode, the IF local oscillator
signal 457 is preferably turned off. In preferred embodi-
ments, during the transmit mode, the IF local oscillator
signal 457 preferably has a frequency between 383 MHz and
427 MHz. Note, however, that one may use other frequen-
cies for the RF and IF local oscillator signals 454 and 457,
as desired.

[0112] The reference generator 218 provides a reference
signal 220 that preferably comprises a clock signal, although
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one may use other signals, as persons skilled in the art who
have the benefit of the description of the invention under-
stand. Moreover, the transmitter circuitry 877 preferably
uses high-side injection for the GSM band and low-side
injection for the DCS and PCS bands.

[0113] The receive path circuitry operates as follows.
Filter circuitry 812 accepts a GSM RF signal 803, a DCS RF
signal 806, and a PCS RF signal 809 from the antenna
interface circuitry 202. The filter circuitry 812 preferably
contains a surface-acoustic-wave (SAW) filter for each of
the three bands, although one may use other types and
numbers of filters, as desired. The filter circuitry 812 pro-
vides a filtered GSM RF signal 815, a filtered DCS RF signal
818, and a filtered PCS RF signal 821 to low-noise amplifier
(LNA) circuitry 824. The LNA circuitry 824 preferably has
programmable gain, and in part provides for programmable
gain in the receive path circuitry.

[0114] The LNA circuitry 824 provides an amplified RF
signal 827 to down-converter circuitry 409. In exemplary
embodiments according to the invention, amplified RF sig-
nal 827 includes multiple signal lines, which may be dif-
ferential signal lines, to accommodate the GSM, DCS, and
PCS bands. Note that, rather than using the LNA circuitry
with a real output, one may use an LNA circuitry that has
complex outputs (in-phase and quadrature outputs), together
with a poly-phase filter circuitry. The combination of the
complex LNA circuitry and the poly-phase filter circuitry
provides better image rejection, albeit with a somewhat
higher loss. Thus, the choice of using the complex LNA
circuitry and the poly-phase filter circuitry depends on a
trade-off between image rejection and loss in the poly-phase
filter circuitry.

[0115] The down-converter circuitry 409 mixes the ampli-
fied RF signal 827 with the RF local oscillator signal 454,
which it receives from the RF PLL circuitry 840. The
down-converter circuitry 409 produces the in-phase analog
down-converted signal 412 and the quadrature in-phase
analog down-converted signal 415. The down-converter
circuitry 409 provides the in-phase analog down-converted
signal 412 and the quadrature in-phase analog down-con-
verted signal 415 to a pair of programmable-gain amplifiers
(PGAs) 833A and 833B.

[0116] The PGA 833A and PGA 833B in part allow for
programming the gain of the receive path. The PGA 833A
and the PGA 833B supply an analog in-phase amplified
signal 841 and an analog quadrature amplified signal 842 to
complex ADC circuitry 836 (i.e., both I and Q inputs will
affect both I and Q outputs). The ADC circuitry 836 converts
the analog in-phase amplified signal 841 into a one-bit
in-phase digital receive signal 421. Likewise, the ADC
circuitry 836 converts the analog quadrature amplifier signal
842 into a one-bit quadrature digital receive signal 424.

[0117] Note that RF transceivers and receivers according
to the invention preferably use a one-bit digital interface.
One may, however, use a variety of other interfaces, as
persons skilled in the art who have the benefit of the
description of the invention understand. For example, one
may use a multi-bit interface or a parallel interface. More-
over, as described below, rather than, or in addition to,
providing the one-bit in-phase and quadrature digital receive
signals to the receiver digital circuitry 851, the digital
interface between the receiver analog circuitry 839 and the
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receiver digital circuitry 851 may communicate various
other signals. By way of illustration, those signals may
include reference signals (e.g., clock signals), control sig-
nals, logic signals, hand-shaking signals, data signals, status
signals, information signals, flag signals, and/or configura-
tion signals. Furthermore, the signals may constitute single-
ended or differential signals, as desired. Thus, the interface
provides a flexible communication mechanism between the
receiver analog circuitry and the receiver digital circuitry.

[0118] The receiver digital circuitry 851 accepts the one-
bit in-phase digital receive signal 421 and the one-bit
quadrature digital receive signal 424, and provides them to
the digital down-converter circuitry 427. The digital down-
converter circuitry 427 converts the received signals into a
down-converted in-phase signal 430 and a down-converted
quadrature signal 433 and provides those signals to the
digital filter circuitry 436. The digital filter circuitry 436
preferably comprises an IIR channel-select filter that per-
forms filtering operations on its input signals. Note, how-
ever, that one may use other types of filters, for example,
FIR filters, as desired.

[0119] The digital filter circuitry 436 provides the digital
in-phase filtered signal 439 to a digital PGA 863A and the
digital quadrature filtered signal 442 to a digital PGA 863B.
The digital PGA 863A and PGA 863B in part allow for
programming the gain of the receive path circuitry. The
digital PGA 863A supplies an amplified digital in-phase
signal 869 to DAC circuitry 875A, whereas the digital PGA
863B supplies an amplified digital quadrature signal 872 to
DAC circuitry 875B. The DAC circuitry 875A converts the
amplified digital in-phase signal 869 to the in-phase analog
receive signal 448. The DAC circuitry 875B converts the
amplified digital quadrature signal 872 signal into the
quadrature analog receive signal 451. The baseband proces-
sor circuitry 120 accepts the in-phase analog receive signal
448 and the quadrature analog receive signal 451 for further
processing, as desired.

[0120] Note that the digital circuit blocks shown in the
receiver digital circuitry 851 depict mainly the conceptual
functions and signal flow. The actual digital-circuit imple-
mentation may or may not contain separately identifiable
hardware for the various functional blocks. For example,
one may re-use (in time, for instance, by using multiplexing)
the same digital circuitry to implement both digital PGA
863A and digital PGA 863B, as desired.

[0121] Note also that, similar to the RF transceiver in FIG.
4, the RF transceiver in FIG. 8 features a digital-IF archi-
tecture. The digital-IF architecture facilitates the implemen-
tation of the one-bit digital interface between the receiver
digital circuitry 426 and the receiver analog circuitry 408.
Moreover, the digital-IF architecture allows digital (rather
than analog) IF-filtering, thus providing all of the advan-
tages of digital filtering.

[0122] The transmitter circuitry 877 comprises baseband
up-converter circuitry 466, transmit VCO circuitry 481, a
pair of transmitter output buffers 892A and 892B, and offset
PLL circuitry 897. The offset PLL circuitry 897 includes
offset mixer circuitry 891, phase detector circuitry 882, and
loop filter circuitry 886. The baseband up-converter circuitry
466 accepts the analog in-phase transmit input signal 460
and the analog quadrature transmit input signal 463, mixes
those signals with the IF local oscillator signal 457, and
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provides a transmit IF signal 880 to the offset PLL circuitry
897. The offset PLL circuitry 897 uses the transmit IF signal
880 as a reference signal. The transmit IF signal 880
preferably comprises a modulated single-sideband IF signal
but, as persons skilled in the art who have the benefit of the
description of the invention understand, one may use other
types of signal and modulation, as desired.

[0123] The offset mixer circuitry 891 in the offset PLL
circuitry 897 mixes the transmit VCO output signal 478 with
the RF local oscillator signal 454, and provides a mixed
signal 890 to the phase detector circuitry 882. The phase
detector circuitry 882 compares the mixed signal 890 to the
transmit IF signal 880 and provides an offset PLL error
signal 884 to the loop filter circuitry 886. The loop filter
circuitry 886 in turn provides a filtered offset PLL signal 888
to the transmit VCO circuitry 481. Thus, the offset PLL
circuitry 897 and the transmit VCO circuitry 481 operate in
a feedback loop. Preferably, the output frequency of the
transmit VCO circuitry 481 centers between the DCS and
PCS bands, and its output is divided by two for the GSM
band.

[0124] Transmitter output buffers 892A and 892B receive
the transmit VCO output signal 478 and provide buffered
transmit signals 894 and 895 to a pair of power amplifiers
896A and 896B. The power amplifiers 896A and 896B
provide amplified RF signals 899 and 898, respectively, for
transmission through antenna interface circuitry 202 and the
antenna 130. Power amplifier 896 A provides the RF signal
899 for the GSM band, whereas power amplifier 896B
supplies the RF signal 898 for the DCS and PCS bands.
Persons skilled in the art who have the benefit of the
description of the invention, however, understand that one
may use other arrangements of power amplifiers and fre-
quency bands. Moreover, one may use RF filter circuitry
within the output path of the transmitter circuitry 877, as
desired.

[0125] The embodiment 800 comprises three circuit par-
titions, or circuit blocks. A first circuit partition 801 includes
the receiver analog circuitry 839 and the transmitter circuitry
877. A second circuit partition 854 includes the receiver
digital circuitry 851 and the reference generator circuitry
218. Finally, a third circuit partition comprises the local
oscillator circuitry 222. The first circuit partition 801, the
second circuit partition 854, and the third circuit partition are
partitioned from one another so that interference effects
among the circuit partitions tend to be reduced. That
arrangement tends to reduce the interference effects among
the circuit partitions because of the analysis of interference
effects provided above in connection with FIG. 3. Prefer-
ably, the first, second, and third circuit partitions each reside
within an integrated circuit device. To further reduce inter-
ference effects among the circuit partitions, the embodiment
800 in FIG. 8 uses differential signals wherever possible.
The notation “(diff.)” adjacent to signal lines or reference
numerals in FIG. 8 denotes the use of differential lines to
propagate the annotated signals.

[0126] Note that, similar to the RF transceiver shown in
FIG. 4 and described above, the embodiment 800 shown in
FIG. 8 uses an analog-digital-analog signal path in its
receiver section. The embodiment 800 uses this particular
signal path for reasons similar to those described above in
connection with the transceiver shown in FIG. 4.
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[0127] Like the transceiver in FIG. 4, if the receiver
digital circuitry 851 need not be compatible with the com-
mon analog interface to baseband processors, one may
remove the DAC circuitry 875A and 875B, and use a digital
interface to the baseband processor circuitry 120, as desired.
In fact, similar to the RF transceiver shown in FIG. 2D, one
may realize the function of the receiver digital circuitry 851
within the baseband processor circuitry 120, using hardware,
software, or a combination of hardware and software. In that
case, the RF transceiver would include two circuit partitions,
or circuit blocks. The first circuit partition 801 would
include the receiver analog circuitry 839 and the transmitter
circuitry 877. A second circuit partition would comprise the
local oscillator circuitry 222. Note also that, similar to the
RF transceiver shown in FIG. 2C, in the embodiment 800,
one may include within the baseband processor circuitry 120
the functionality of the reference generator circuitry 218, as
desired.

[0128] Another aspect of the invention includes a config-
urable interface between the receiver digital circuitry and the
receiver analog circuitry. Generally, one would seek to
minimize digital switching activity within the receiver ana-
log circuitry. Digital switching activity within the receiver
analog circuitry would potentially interfere with the sensi-
tive analog RF circuitry, for example, LNAs, or mixers. As
described above, the receiver analog circuitry includes ana-
log-to-digital circuitry (ADC), which preferably comprises
sigma-delta-type ADCs. Sigma-delta ADCs typically use a
clock signal at their output stages that generally has a pulse
shape and, thus, contains high-frequency Fourier series
harmonics. Moreover, the ADC circuitry itself produces
digital outputs that the receiver digital circuitry uses. The
digital switching present at the outputs of the ADC circuitry
may also interfere with sensitive analog circuitry within the
receiver analog circuitry.

[0129] The invention contemplates providing RF appara-
tus according to the invention, for example, receivers and
transceivers, that include an interface circuitry to minimize
or reduce the effects of interference from digital circuitry
within the RF apparatus. FIG. 9A shows an embodiment
900A of an interface between the receiver digital circuitry
905 and the receiver analog circuitry 910. The interface
includes configurable interface signal lines 945. The base-
band processor circuitry 120 in the transceiver of FIG. 9A
communicates configuration, status, and setup information
with both the receiver digital circuitry 905 and the receiver
analog circuitry 910. In the preferred embodiments of RF
transceivers according to the invention, the baseband pro-
cessor circuitry 120 communicates with the receiver digital
circuitry 905 and the receiver analog circuitry 910 by
sending configuration data to read and write registers
included within the receiver digital circuitry 905 and the
receiver analog circuitry 910.

[0130] The receiver digital circuitry 905 communicates
with the baseband processor circuitry 120 through a set of
serial interface signal lines 920. The serial interface signal
lines 920 preferably include a serial data-in (SDI) signal line
925, a serial clock (SCLK) signal line 930, a serial interface
enable (SENB) signal line 935, and a serial data-out (SDO)
signal line 940. The transceiver circuitry and the baseband
processor circuitry 120 preferably hold all of the serial
interface signal lines 920 at static levels during the transmit
and receive modes of operation. The serial interface prefer-
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ably uses a 22-bit serial control word that comprises 6
address bits and 16 data bits. Note, however, that one may
use other serial interfaces, parallel interfaces, or other types
of interfaces, that incorporate different numbers of signal
lines, different types and sizes of signals, or both, as desired.
Note also that, the SENB signal is preferably an active-low
logic signal, although one may use a normal (ie., an
active-high) logic signal by making circuit modifications, as
persons skilled in the art understand.

[0131] The receiver digital circuitry 905 communicates
with the receiver analog circuitry 910 via configurable
interface signal lines 945. Interface signal lines 945 prefer-
ably include four configurable signal lines 950, 955, 960,
and 965, although one may use other numbers of config-
urable signal lines, as desired, depending on a particular
application. In addition to supplying the serial interface
signals 920, the baseband processor circuitry 120 provides a
control signal 915, shown as a power-down (PDNB) signal
in FIG. 9A, to both the receiver digital circuitry 905 and the
receiver analog circuitry 910. The receiver digital circuitry
905 and the receiver analog circuitry 910 preferably use the
power-down (PDNB) signal as the control signal 915 to
configure the functionality of the interface signal lines 945.
In other words, the functionality of the interface signal lines
945 depends on the state of the control signal 915. Also, the
initialization of the circuitry within the receive path and the
transmit path of the transceiver occurs upon the rising edge
of the PDNB signal. Note that the PDNB signal is preferably
an active-low logic signal, although one may use a normal
(i.e., an active-high) logic signal, as persons skilled in the art
would understand. Note also that, rather than using the
PDNB signal, one may use other signals to control the
configuration of the interface signal lines 945, as desired.

[0132] In the power-down or serial interface mode (i.e.,
the control signal 915 (for example, PDNB) is in the logic
low state), interface signal line 950 provides the serial clock
(SCLK) and interface signal line 955 supplies the serial
interface enable signal (SENB). Furthermore, interface sig-
nal line 960 provides the serial data-in signal (SDI), whereas
interface signal line 965 supplies the serial data-out (SDO)
signal. One may devise other embodiments according to the
invention in which, during this mode of operation, the
transceiver may also perform circuit calibration and adjust-
ment procedures, as desired (for example, the values of
various transceiver components may vary over time or
among transceivers produced in different manufacturing
batches. The transceiver may calibrate and adjust its cir-
cuitry to take those variations into account and provide
higher performance).

[0133] In the normal receive mode of operation (i.e., the
control signal, PDNB, is in the logic-high state), interface
signal line 950 provides a negative clock signal (CKN) and
interface signal line 955 supplies the positive clock signal
(CKP). Furthermore, interface signal line 960 provides a
negative data signal (ION), whereas interface signal line 965
supplies a positive data signal (IOP).

[0134] In preferred embodiments of the invention, the
CKN and CKP signals together form a differential clock
signal that the receiver digital circuitry 905 provides to the
receiver analog circuitry 910. The receiver analog circuitry
910 may provide the clock signal to the transmitter circuitry
within the RF transceiver in order to facilitate calibration
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and adjustment of circuitry, as described above. During the
receive mode, the receiver analog circuitry 910 provides the
ION and IOP signals to the receiver digital circuitry 905.
The ION and IOP signals preferably form a differential data
signal. As noted above, the transceiver disables the trans-
mitter circuitry during the receive mode of operation.

[0135] In preferred embodiments according to the inven-
tion, clock signals CKN and CKP are turned off when the
transmitter circuitry is transmitting signals. During the trans-
mit mode, interface signal lines 960 and 965 preferably
provide two logic signals from the receiver digital circuitry
905 to the receiver analog circuitry 910. The signal lines
may provide input/output signals to communicate data,
status, information, flag, and configuration signals between
the receiver digital circuitry 905 and the receiver analog
circuitry 910, as desired. Preferably, the logic signals control
the output buffer of the transmit VCO circuitry. Note that,
rather than configuring interface signal lines 960 and 965 as
logic signal lines, one may configure them in other ways, for
example, analog signal lines, differential analog or digital
signal lines, etc., as desired. Furthermore, the interface
signal lines 960 and 965 may provide signals from the
receiver digital circuitry 905 to the receiver analog circuitry
910, or vice-versa, as desired.

[0136] In addition to using differential signals, RF trans-
ceivers according to the invention preferably take other
measures to reduce interference effects among the various
transceiver circuits. Signals CKN, CKP, ION, and IOP may
constitute voltage signals, as desired. Depending on the
application, the signals CKN, CKP, ION, and IOP (or logic
signals in the transmit mode) may have low voltage swings
(for example, voltage swings smaller than the supply volt-
age) to reduce the magnitude and effects of interference
because of the voltage switching on those signals.

[0137] In preferred embodiments according to the inven-
tion, signals CKN, CKP, ION, and IOP constitute current,
rather than voltage, signals. Moreover, to help reduce the
effects of interference even further, RF transceivers accord-
ing to the invention preferably use band-limited signals. RF
transceivers according to the invention preferably use fil-
tering to remove some of the higher frequency harmonics
from those signals to produce band-limited current signals.

[0138] Table 3 below summarizes the preferred function-
ality of the configurable interface signal lines 950, 955, 960,
and 965 as a function of the state of the control signal 915
(for example, PDNB):

TABLE 3
Control = 1 Control = 1
(During (During

Signal Line Control = 0 Reception) Transmission)

950 SCLK CKN (CKN off)

955 SENB CKP (CKP off)
960 SDI ION Logic Signal
965 SDO () Logic Signal

[0139] Using configurable interface signal lines 945 in the
interface between the receiver digital circuitry 905 and the
receiver analog circuitry 910 allows using the same physical
connections (e.g., pins on an integrated-circuit device or
electrical connectors on a module) to accomplish different
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functionality. Thus, the configurable interface between the
receiver digital circuitry 905 and the receiver analog cir-
cuitry 910 makes available the physical electrical connec-
tions available for other uses, for example, providing ground
pins or connectors around sensitive analog signal pins or
connectors to help shield those signals from RF interference.
Moreover, the configurable interface between the receiver
digital circuitry 905 and the receiver analog circuitry 910
reduces packaging size, cost, and complexity.

[0140] FIG. 9B shows an embodiment 900B that includes
a configurable interface according to the invention. Here, the
baseband processor circuitry 120 subsumes the functionality
of the receiver digital circuitry 905. The baseband processor
circuitry 120 realizes the functionality of the receiver digital
circuitry 905, using hardware, software, or both, as desired.
Because the baseband processor circuitry 120 has subsumed
the receiver digital circuitry 905, the baseband processor
circuitry 120 may communicate with the receiver analog
circuitry 910 using configurable interface signal lines 945,
depending on the state of the control signal 915 (e.g., the
PDNB signal). The configurable interface signal lines 945
perform the same functions described above in connection
with FIG. 9A, depending on the state of the control signal
915. As noted above, one may reconfigure the interface
signal lines 960 and 965 during transmit mode to implement
desired functionality, for example, logic signals.

[0141] FIG. 10 shows a conceptual block diagram of an
embodiment 1000 of a configurable interface according to
the invention within an RF transceiver in the power-down or
serial interface mode (i.e., the control signal 915 is in a
logic-low state). A logic low state on the control signal 915
enables the driver circuitry 1012A, 1012B, and 1012C, thus
providing the configurable serial interface signal lines 950,
955, and 960 to the receiver analog circuitry 910. Similarly,
the logic low state on the control signal 915 causes the AND
gates 1030A, 1030B, and 1030C to provide configurable
interface signal lines 950, 955, and 960 to other circuitry
within the receiver analog circuitry 910. The outputs of the
AND gates 1030A, 1030B, and 1030C comprise a gated
SCLK signal 1032, a gated SENB signal 1034, and a gated
SDI signal 1036, respectively.

[0142] Interface controller circuitry 1040 accepts as inputs
the gated SCLK signal 1032, the gated SENB signal 1034,
and the gated SDI signal 1036. The interface controller
circuitry 1040 resides within the receiver analog circuitry
910 and produces a receiver analog circuitry SDO signal
1044 and an enable signal 1046. By controlling tri-state
driver circuitry 1042, the enable signal 1046 controls the
provision of the receiver analog circuitry SDO signal 1044
to the receiver digital circuitry 905 via the configurable
interface signal line 9685.

[0143] Interface controller circuitry 1010 within the
receiver digital circuitry 905 accepts the SCLK signal 925,
the SENB signal 930, and the SDI signal 935 from the
baseband processor circuitry 120. By decoding those sig-
nals, the interface controller circuitry 1010 determines
whether the baseband processor circuitry 120 intends to
communicate with the receiver digital circuitry 905 (e.g., the
baseband processor circuitry 120 attempts to read a status or
control register present on the receiver digital circuitry 905).
If so, the interface controller circuitry 1010 provides the
SCLK signal 925, the SENB signal 930, and the SDI signal
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935 to other circuitry (not shown explicitly) within the
receiver digital circuitry 905 for further processing.

[0144] Interface controller circuitry 1010 provides as out-
put signals a receiver digital circuitry SDO signal 1018, a
select signal 1020, and an enable signal 1022. The receiver
digital circuitry SDO signal 1018 represents the serial data-
out signal for the receiver digital circuitry 905, i.e., the serial
data-out signal that the receiver digital circuitry 905 seeks to
provide to the baseband processor circuitry 120. The inter-
face controller circuitry 1010 supplies the select signal 1020
to multiplexer circuitry 1014. The multiplexer circuitry 1014
uses that signal to selectively provide as the multiplexer
circuitry output signal 1024 either the receiver digital cir-
cuitry SDO signal 1018 or the receiver analog circuitry SDO
signal 1044, which it receives through configurable interface
signal line 965. Tri-state driver circuitry 1016 provides the
multiplexer circuitry output signal 1024 to the baseband
processor circuitry 120 under the control of the enable signal
1022.

[0145] Tri-state driver circuitry 1012A, 1012B, and 1012C
use an inverted version of the control signal 915 as their
enable signals. Thus, a logic high value on the control signal
915 disables the driver circuitry 1012A, 1012B, and 1012C,
thus disabling the serial interface between the receiver
digital circuitry 905 and the receiver analog circuitry 910.
Similarly, AND gates 1030A, 1030B, and 1030C use an
inverted version of the control signal 915 to gate interface
signal lines 950, 955, and 960. In other words, a logic high
value on the control signal 915 inhibits logic switching at the
outputs of AND gates 1030A, 1030B, and 1030C, which
reside on the receiver analog circuitry 910.

[0146] FIG. 11A shows a conceptual block diagram of an
embodiment 1100A of a configurable interface according to
the invention, in an RF transceiver operating in the normal
receive mode of operation (i.e., the control signal 915 is in
a logic-high state). As noted above, in this mode, the
receiver digital circuitry 905 provides a clock signal to the
receiver analog circuitry 910 through the configurable inter-
face signal lines 950 and 955. Configurable interface signal
line 950 provides the CKN signal, whereas configurable
interface signal line 955 supplies the CKP signal. Also in this
mode, the receiver analog circuitry 910 provides a data
signal to the receiver digital circuitry 905 through the
configurable interface signal lines 960 and 965.

[0147] The receiver digital circuitry 905 provides the
CKN and CKP signals to the receiver analog circuitry 910
by using clock driver circuitry 1114. The clock driver
circuitry 1114 receives a clock signal 1112A and a comple-
ment clock signal 1112B from signal processing circuitry
1110. Signal processing circuitry 1110 receives the reference
signal 220 and converts it to the clock signal 1112A and
complement clock signal 1112B. Interface controller cir-
cuitry 1116 provides an enable signal 1118 that controls the
provision of the CKN and CKP clock signals to the receiver
analog circuitry 910 via the interface signal lines 950 and
955, respectively.

[0148] Receiver analog circuitry 910 includes clock
receiver circuitry 1130 that receives the CKN and CKP clock
signals and provides a clock signal 1132A and a complement
clock signal 1132B. Interface controller circuitry 1140
within the receiver analog circuitry 910 provides an enable
signal 1142 that controls the operation of the clock receiver
circuitry 1130.
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[0149] The clock signal 1132A clocks the ADC circuitry
1144, or other circuitry (for example, calibration circuitry),
or both, as desired. Note that, rather than using the clock
signal 1132A, one may use the complement clock signal
1132B, or both the clock signal 1132A and the complement
clock signal 1132B, by making circuit modifications as
persons skilled who have the benefit of the description of the
invention understand. The ADC circuitry 1144 provides to
multiplexer circuitry 1150 a one-bit differential in-phase
digital signal 1146 A and a one-bit differential quadrature
digital signal 1146B. The multiplexer circuitry 1150 pro-
vides a one-bit differential digital output signal 1152 to data
driver circuitry 1154. The output signal 1152 therefore
constitutes multiplexed I-channel data and Q-channel data.
The data driver circuitry 1154 supplies the differential data
signal comprising ION and IOP to the receiver digital
circuitry 905, using the configurable interface signal lines
960 and 965, respectively.

[0150] The clock signal 1132A also acts as the select
signal of multiplexer circuitry 1150. On alternating edges of
the clock signal 1132A, the multiplexer circuitry 1150
selects, and provides to, the data driver circuitry 1154 the
one-bit differential in-phase digital signal 1146A (i.e.,
I-channel data) and the one-bit differential quadrature digital
signal 1146B (i.e., Q-channel data). The interface controller
circuitry 1140 supplies an enable signal 1156 to the data
driver circuitry 1154 that controls the provision of the
configurable interface signal 960 and the configurable inter-
face signal 965 to the receiver digital circuitry 905 via the
configurable interface signal lines 960 and 965.

[0151] The receiver digital circuitry 905 includes data
receiver circuitry 1120. Data receiver circuitry 1120 accepts
from the receiver analog circuitry 910 the signals provided
via the configurable interface signal lines 960 and 965. The
data receiver circuitry 1120 provides a pair of outputs 1122A
and 1122B. An enable signal 1124, supplied by the interface
controller circuitry 1116, controls the operation of the data
receiver circuitry 1120.

[0152] The receiver digital circuitry 905 also includes a
delay-cell circuitry 1119 that accepts as its inputs the clock
signal 1112A and the complement clock signal 1112B. The
delay-cell circuitry 1119 constitutes a delay-compensation
circuit. In other words, ideally, the signal-propagation delay
of the delay-cell circuitry 1119 compensates for the delays
the signals experience as they propagate from the receiver
digital circuitry 905 to the receiver analog circuitry 910, and
back to the receiver digital circuitry 905.

[0153] The delay-cell circuitry 1119 provides as its outputs
a clock signal 1121 A and a complement clock signal 1121B.
The clock signal 1121A and the complement clock signal
1121B clock a pair of D flip-flop circuitries 1123A and
1123B, respectively. The D flip-flop circuitries 1123A and
1123B latch the output 1122A of the data receiver circuitry
1120 alternately. In other words, the clock signal 1121A
causes the latching of the I-channel data by the D flip-flop
circuitry 1123A, whereas the complement clock signal
1121B causes the D flip-flop circuitry 1123B to latch the
Q-channel data.

[0154] The output signals of the delay-cell circuitry 1119
help the receiver digital circuitry 905 to sample the I-chan-
nel data and the Q-channel data that it receives from the
receiver analog circuitry 910. The receiver digital circuitry
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905 receives multiplexed I-channel data and the Q-channel
data through the ION signal 960 and the IOP signal 965.
Thus, the D flip-flop circuitries 1123A and 1123B perform a
de-multiplexing function on the multiplexed I-channel data
and Q-channel data.

[0155] In the normal receive or transmit modes, (i.e., the
control signal 915 is in the logic-high state), interface signal
line 950 provides the negative clock signal (CKN) and
interface signal line 955 supplies the positive clock signal
(CKP). In preferred embodiments of the invention, the CKN
and CKP signals together form a differential clock signal
that the receiver digital circuitry 905 provides to the receiver
analog circuitry 910.

[0156] During the receive mode, interface signal line 960
provides the negative data signal (ION), whereas interface
signal line 965 supplies the positive data signal (IOP). The
ION and IOP signals preferably form a differential data
signal.

[0157] In the transmit mode, the data signal may function
as an input/output signal to communicate data, status, infor-
mation, flag, and/or configuration signals between the
receiver digital circuitry 905 and the receiver analog cir-
cuitry 910. Preferably, the interface signal lines 960 and 965
function as two logic signal lines in the transmit mode. As
noted above, the transceiver disables the receiver circuitry
during the transmit mode of operation. In RF transceivers
partitioned according to the invention (see, e.g., FIGS.
2A-2D, 4, and 8), the clock receiver circuitry 1130 may
provide the clock signal 1132A, the complement clock
signal 1132B, or both, to transmitter circuitry (partitioned
together with the receiver analog circuitry 910) for circuit
calibration, circuit adjustment, and the like, as described
above.

[0158] In the transmit mode, once circuit calibration and
adjustment has concluded, however, the clock driver cir-
cuitry 1114 uses the enable signal 1118 to inhibit the
propagation of the CKN and CKP clock signals to the
receiver analog circuitry 910. In this manner, the clock
driver circuitry 1114 performs the function of the switch 492
in FIGS. 4 and 8. Note that, during the normal transmit
mode of operation, the ADC circuitry 1144 does not provide
any data to the receiver digital circuitry 905 via the ION and
IOP signals because, according to the TDD protocol, the
receiver path circuitry is inactive during the normal transmit
mode of operation. Instead, the receiver digital circuitry 905
provides control signals to the receiver analog circuitry 910
via interface signal lines 960 and 965.

[0159] During the transmit mode, the interface controller
circuitry 1116 provides control signals via signal lines 1160
to the interface signal lines 960 and 965. The interface
controller circuitry 1140 receives the control signals via
signal lines 1165 and provides them to various blocks within
the receiver analog circuitry, as desired. During the receive
mode, the interface controller circuitry 1116 inhibits (e.g.,
high-impedance state) the signal lines 1160. Similarly, the
interface controller circuitry 1140 inhibits the signal lines
1165 during the receive mode.

[0160] For the purpose of conceptual illustration, FIG.
11A shows the interface controller circuitry 1116 and the
interface controller circuitry 1140 as two blocks of circuitry
distinct from the interface controller circuitry 1010 and the
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interface controller circuitry 1040 in FIG. 10, respectively.
One may combine the functionality of the interface control-
ler circuitry 1116 with the functionality of the interface
controller circuitry 1010, as desired. Likewise, one may
combine the functionality of interface controller circuitry
1140 with the functionality of the interface controller cir-
cuitry 1040, as desired. Moreover, one may combine the
functionality of the signal processing circuitries 1110 with
the functionality of the interface controller circuitry 1116
and the interface controller circuitry 1140, respectively.
Combining the functionality of those circuits depends on
various design and implementation choices, as persons
skilled in the art understand.

[0161] FIG. 11B illustrates a block diagram of a preferred
embodiment 1100B of a delay-cell circuitry 1119 according
to the invention. The delay-cell circuitry 1119 includes a
replica of the clock driver circuitry 1114A in tandem with a
replica of the data receiver circuitry 1120A. In other words,
the block labeled “1114A” is a replica of the clock driver
circuitry 1114, and the block labeled “1120A” is a replica of
the data receiver circuitry 1120. (Note that the delay-cell
circuitry 1119 may alternatively include a replica of the data
driver circuitry 1154 in tandem with a replica of the clock
receiver circuitry 1130.) The replica of the clock driver
circuitry 1114A accepts the clock signal 1112A and the
complement clock signal 1112B. The replica of the clock
driver circuitry 1114A provides its outputs to the replica of
the data receiver circuitry 1120A. The replica of the data
receiver circuitry 1120A supplies the clock signal 1121A and
the complement clock signal 1121B. The clock signal 1121A
and the complement clock signal 1121B constitute the
output signals of the delay-cell circuitry 1119. The delay-cell
circuitry 1119 also receives as inputs enable signals 1118 and
1124 (note that FIG. 11A does not show those input signals
for the sake of clarity). The enable signal 1118 couples to the
replica of the clock driver circuitry 1114A, whereas the
enable signal 1124 couples to the replica of the data receiver
circuitry 1120A.

[0162] Note that FIG. 11B constitutes a conceptual block
diagram of the delay-cell circuitry 1119. Rather than using
distinct blocks 1114A and 1120A, one may alternatively use
a single block that combines the functionality of those two
blocks, as desired. Moreover, one may use a circuit that
provides an adjustable, rather than fixed, delay, as desired.
Note also that the embodiment 1100B of the delay-cell
circuitry 1119 preferably compensates for the delay in the
clock driver circuitry 1114 in FIG. 11A. In other words, the
delay-cell circuitry 1119 preferably compensates sufficiently
for the round-trip delay in the signals that travel from the
receiver digital circuitry 905 to the receiver analog circuitry
910 and back to the receiver digital circuitry 905 to allow for
accurate sampling in the receiver digital circuitry of the
I-channel data and the Q-channel data. Note that in the
embodiment 1100B, the replica of the clock driver circuitry
1114A mainly compensates for the round-trip delay, whereas
the replica of the data receiver circuitry 1120A converts
low-swing signals at the output of the replica of the clock
driver circuitry 1114A into full-swing signals.

[0163] The receiver digital circuitry 905 and the receiver
analog circuitry 910 preferably reside within separate inte-
grated-circuit devices. Because those integrated-circuit
devices typically result from separate semiconductor fabri-
cation processes and manufacturing lines, their process
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parameters may not match closely. As a result, the preferred
embodiment 1100B of the delay-cell circuitry 1119 does not
compensate for the delay in the clock receiver circuitry
1130, the data driver circuitry 1154, and the data receiver
circuitry 1120 in FIG. 11A.

[0164] Note, however, that if desired, the delay-cell cir-
cuitry 1119 may also compensate for the signal delays of the
clock receiver circuitry 1130, the data driver circuitry 1154,
and the data receiver circuitry 1120. Thus, in situations
where one may match the process parameters of the receiver
digital circuitry 905 and the receiver analog circuitry 910
relatively closely (for example, by using thick-film modules,
silicon-on-insulator, etc.), the delay-cell circuitry 1119 may
also compensate for the delays of other circuit blocks. As
another alternative, one may use a delay-cell circuitry 1119
that provides an adjustable delay and then program the delay
based on the delays in the receiver digital circuitry 905 and
the receiver analog circuitry 910 (e.g., provide a matched set
of receiver digital circuitry 905 and receiver analog circuitry
910), as persons skilled in the art who have the benefit of the
description of the invention understand. Furthermore, rather
than an open-loop arrangement, one may use a closed-loop
feedback circuit implementation (e.g., by using a phase-
locked loop circuitry) to control and compensate for the
delay between the receiver analog circuitry 910 and the
receiver digital circuitry 905, as desired.

[0165] Note that the digital circuit blocks shown in FIGS.
11A and 11B depict mainly the conceptual functions and
signal flow. The actual circuit implementation may or may
not contain separately identifiable hardware for the various
functional blocks. For example, one may combine the func-
tionality of various circuit blocks into one circuit block, as
desired.

[0166] FIG. 12 shows a schematic diagram of a preferred
embodiment 1200 of a signal-driver circuitry according to
the invention. One may use the signal-driver circuitry as the
clock driver circuitry 1114 and the data driver circuitry 1154
in FIG. 11A. In the latter case, the input signals to the
signal-driver circuitry constitute the output signals 1152 and
the enable signal 1156, whereas the output signals of the
signal-receiver circuitry constitute the ION and IOP signals
960 and 965, respectively, in FIG. 11A.

[0167] The signal-driver circuitry in FIG. 12 constitutes
two circuit legs. One circuit leg includes MOSFET devices
1218 and 1227 and resistor 1230. The second leg includes
MOSFET devices 1242 and 1248 and resistor 1251. The
input clock signal controls MOSFET devices 1218 and
1242. Current source 1206, MOSFET devices 1209 and
1215, and resistor 1212 provide biasing for the two circuit
legs.

[0168] MOSFET devices 1227 and 1248 drive the CKN
and CKP output terminals through resistors 1230 and 1251,
respectively. Depending on the state of the clock signal, one
leg of the signal-driver circuitry conducts more current than
the other leg. Put another way, the signal-driver circuitry
steers current from one leg to the other in response to the
clock signal (i.e., in response to the clock signal, one leg of
the circuit turns on and the other leg turns off, and vice-
versa). As a result, the signal-driver circuitry provides a
differential clock signal that includes current signals CKN
and CKP.

[0169] If the enable signal is high, MOSFET device 1203
is off and therefore does not affect the operation of the rest
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of the circuit. In that case, a current I, flows through the
current source 1206 and diode-connected MOSFET device
1209. The flow of current generates a voltage at the gate of
MOSFET device 1209. MOSFET devices 1227 and 1248
share the same gate connection with MOSFET device 1209.
Thus, MOSFET devices 1227 and 1248 have the same
gate-source voltage, V., as MOSFET device 1209 when the
appropriate MOSFET devices are in the on state. MOSFET
devices 1218 and 1242 cause current steering between the
first and second circuit legs. Only one of the MOSFET
devices 1218 and 1242 is in the on state during the operation
of the circuit. Depending on which MOSFET device is in the
on state, the mirroring current I flows through the circuit leg
that includes the device in the on state.

[0170] Resistors 1221 and 1239 provide a small trickle
current to the circuit leg that includes the MOSFET device
(ic., MOSFET device 1218 or MOSFET device 1242) that
is in the off state. The small trickle current prevents the
diode-connected MOSFET devices in the signal receiver
circuitry (see FIG. 13) from turning off completely. The
trickle current helps to reduce the delay in changing the state
of the circuit in response to transitions in the input clock
signal. The trickle currents also help to reduce transient
signals at the CKP and CKN terminals and, thus, reduce
interference effects.

[0171] Capacitors 1224 and 1245 provide filtering so that
when MOSFET device 1218 and MOSFET device 1242
switch states, the currents through the first and second circuit
legs (CKN and CKP circuit legs) do not change rapidly.
Thus, capacitors 1224 and 1245 reduce the high-frequency
content in the currents flowing through the circuit legs into
the CKN and CKP terminals. The reduced high-frequency
(ic., band-limited) content of the currents flowing through
the CKN and CKP terminals helps reduce interference
effects to other parts of the circuit, for example, the LNA
circuitries, as described above. Capacitors 1233 and 1236
and resistors 1230 and 1251 help to further reduce the
high-frequency content of the currents flowing through the
CKN and CKP terminals. Thus, the circuit in FIG. 12
provides smooth steering of current between the two circuit
legs and therefore reduces interference effects with other
circuitry.

[0172] When the enable signal goes to the low state,
MOSFET device 1203 turns on and causes MOSFET device
1209 to turn off. MOSFET devices 1227 and 1248 also turn
off, and the circuit becomes disabled. Note that the enable
signal may be derived from the power-down PDNB signal.

[0173] FIG. 13A shows a schematic diagram of an exem-
plary embodiment 1300A of a signal-receiver circuitry
according to the invention. One may use the signal-receiver
circuitry as the clock receiver circuitry 1130 and the data
receiver circuitry 1120 in FIG. 11A. In the latter case, the
input signals to the signal-receiver circuitry constitute the
ION and IOP signals 960 and 965 and the enable signal
1124, whereas the output signals constitute the signals at the
outputs 1122A and 1122B, respectively, in FIG. 11A.

[0174] The signal receiver circuitry in FIG. 13A helps to
convert differential input currents into CMOS logic signals.
The signal-receiver circuitry in FIG. 13A constitutes two
circuit legs. The first circuit leg includes MOSFET devices
1303, 1342, and 1345. The second leg includes MOSFET
devices 1309, 1324, and 1327. Note that, preferably, the
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scaling of MOSFET devices 1303 and 1309 provides a
current gain of 1:2 between them. Likewise, the scaling of
MOSFET devices 1330 and 1327 preferably provides a
current gain of 1:2 between them. The current gains help to
reduce phase noise in the signal-receiver circuitry.

[0175] MOSFET devices 1339, 1342, 1333, and 1324
provide enable capability for the circuit. When the enable
input is in the high state, MOSFET devices 1339, 1342,
1333, and 1324 are in the on state. MOSFET devices 1345
and 1336 are current mirrors, as are MOSFET devices 1303
and 1309. MOSFET devices 1330 and 1327 also constitute
current mirrors.

[0176] The currents flowing through the CKN and CKP
terminals mirror to the MOSFET devices 1327 and 1309.
The actual current flowing through the second circuit leg
depends on the currents that MOSFET device 1327 and
MOSFET device 1309 try to conduct; the lower of the two
currents determines the actual current that flows through the
second circuit leg.

[0177] The difference between the currents that MOSFET
device 1327 and MOSFET device 1309 try to conduct flows
through the parasitic capacitance at node 1360. The current
flow charges or discharges the capacitance at node 1360,
thus making smaller the drain-source voltage (V) of
whichever of MOSFET devices 1327 and 1309 that seeks to
carry the higher current. Ultimately, the lower of the currents
that MOSFET devices 1327 and 1309 scek to conduct
determines the current through the second leg of the circuit.

[0178] A pair of inverters 1312 and 1315 provide true and
complement output signals 1351 and 1348, respectively. The
signal receiver circuitry therefore converts differential input
currents into CMOS logic output signals.

[0179] In exemplary embodiments of the invention, the
signal receiver circuitry provides fully differential output
signals. FIG. 13B shows an embodiment 1300B of such a
signal receiver circuitry. One may use embodiment 1300B in
a similar manner and application as embodiment 1300A,
using the same input signals, as desired. Unlike embodiment
1300A, however, embodiment 1300B includes fully differ-
ential circuitry to generate fully differential output signals.

[0180] Embodiment 1300B includes the same devices as
does embodiment 1300A, and the common devices operate
in a similar manner. Furthermore, embodiment 1300B
includes additional devices and components. Embodiment
1300B constitutes two circuit legs and replica of those
circuit legs. The first circuit leg includes MOSFET devices
1303, 1342, and 1345. The replica of the first circuit leg
includes devices 1355, 1379, and 1381. The second circuit
leg includes MOSFET devices 1309, 1324, and 1327. The
replica of the second circuit leg include devices 1357, 1363,
and 1365. The scaling of MOSFET devices 1303 and 1309
provides a current gain of 1:2 between them, as does the
scaling of MOSFET devices 1330 and 1327. Likewise,
scaling of MOSFET devices 1355 and 1357 provides a
current gain of 1:2 between them, as does the scaling of
MOSFET devices 1336 and 1365. The current gains help to
reduce phase noise in the signal-receiver circuitry.

[0181] Embodiment 1300B generally operates similarly to
embodiment 1300A. Devices 1381, 1379, 1355, 1353, 1357,
1363, 1365, 1367, 1369, 1359, and 1361 perform the same
functions as do devices 1345, 1342, 1303, 1306, 1309, 1324,
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1327, 1321, 1318, 1312, and 1315, respectively. The enable
function also operates similarly to embodiment 1300A.
Resistors 1371 and 1375 and capacitors 1373 and 1377 filter
the input clock (e.g., 13 MHz clock). Inverters 1312, 1315,
1361, and 1359 provide fully differential true and comple-
ment output signals.

[0182] FIG. 14 shows an embodiment 1400 of an alter-
native signal-driver circuitry according to 10 the invention.
The signal-driver circuitry in FIG. 14 includes two circuit
legs. The first circuit leg includes MOSFET device 1406 and
resistor 1415A. The second circuit leg includes MOSFET
device 1409 and resistor 1415B. A current source 1403
supplies current to the two circuit legs.

[0183] The input clock signal controls MOSFET devices
1406 and 1409. MOSFET devices 1406 and 1409 drive the
CKP and CKN output terminals, respectively. Depending on
the state of the clock signal, one leg of the signal-driver
circuitry conducts current. Put another way, the signal-driver
circuitry steers current from one leg to the other in response
to the clock signal. As a result, the signal-driver circuitry
provides a differential clock signal that includes signals
CKN and CKP. Capacitor 1412 filters the output signals
CKN and CKP. Put another way, capacitor 1412 provides
band-limiting of the output signals CKN and CKP. Note that
the current source 1403 supplies limited-amplitude signals
by providing current through resistors 1415A and 1415B.

[0184] Note that the signal-driver circuitries (clock driver
and data driver circuitries) according to tbe invention pref-
erably provide current signals CKN and CKP. Similarly,
signal-receiver circuitries (clock receiver and data receiver
circuitries) according to the invention preferably receive
current signals. As an alternative, one may use signal-driver
circuitries that provide as their outputs voltage signals, as
desired. One may also implement signal-receiver circuitries
that receive voltage signals, rather than current signals. As
noted above, depending on the application, one may limit
the frequency contents of those voltage signals, for example,
by filtering, as desired.

[0185] Generally, several techniques exist for limiting
noise, for example, digital switching-noise, in the interface
between the receiver analog circuitry and the receiver digital
circuitry according to the invention. Those techniques
include using differential signals, using band-limited sig-
nals, and using amplitude-limited signals. RF apparatus
according to the invention may use any or all of those
techniques, as desired. Furthermore, one may apply any or
all of those techniques to interface circuitry that employs
voltage or current signals, as persons of ordinary skill in the
art who have the benefit of the description of the invention
understand.

[0186] Note also that the RF transceiver embodiments
according to the invention lend themselves to wvarious
choices of circuit implementation, as a person skilled in the
art who have the benefit of the description of the invention
understand. For example, as noted above, each of the circuit
partitions, or circuit blocks, of RF transceivers partitioned
according to the invention, resides preferably within an
integrated circuit device. Persons skilled in the art, however,
will appreciate that the circuit partitions, or circuit blocks,
may alternatively reside within other substrates, carriers, or
packaging arrangements. By way of illustration, other par-
titioning arrangements may use modules, thin-film modules,
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thick-film modules, isolated partitions on a single substrate,
circuit-board partitions, and the like, as desired, consistent
with the embodiments of the invention described here.

[0187] One aspect of the invention contemplates partition-
ing RF transceivers designed to operate within several
communication channels (e.g., GSM, PCS, and DCS). Per-
sons skilled in the art, however, will recognize that one may
partition according to the invention RF transceivers
designed to operate within one or more other channels,
frequencies, or frequency bands, as desired.

[0188] Moreover, the partitioning of RF transceivers
according to the invention preferably applies to RF appara-
tus (e.g., receivers or transceivers) with a low-IF, digital-IF
architecture. Note, however, that one may apply the parti-
tioning and interfacing concepts according to the invention
to other RF receiver or transceiver architectures and con-
figurations, as persons of ordinary skill in the art who have
the benefit of the description of the invention understand. By
way of illustration, one may use the partitioning and inter-
face concepts according to the invention in RF apparatus
that includes:

[0189]

[0190] low-IF receiver circuitry and offset-PLL trans-
mitter circuitry;

[0191] low-IF receiver circuitry and direct up-con-
version transmitter circuitry;

low-IF receiver circuitry;

[0192] direct-conversion receiver circuitry;

[0193] direct-conversion receiver circuitry and off-
set-PLL transmitter circuitry; or

[0194] direct-conversion receiver circuitry and direct
up-conversion transmitter circuitry.

[0195] As an example of the flexibility of the partitioning
concepts according to the invention, one may include the LO
circuitry in one partition, the receiver digital circuitry in a
second partition, and the transmitter up-converter circuitry
and the receiver analog circuitry in a third partition. As
another illustrative alternative, one may include the LO
circuitry and the transmitter up-converter circuitry within
one circuit partition, depending on the noise and interference
characteristics and specifications for a particular implemen-
tation.

[0196] Note that, in a typical direct-conversion RF
receiver or transceiver implementation, the receiver digital
circuitry would not include the digital down-converter cir-
cuitry (the receiver analog circuitry, however, would be
similar to the embodiments described above). Furthermore,
in a typical direct up-conversion transmitter circuitry, one
would remove the offset PLL circuitry and the transmit VCO
circuitry from the transmitter circuitry. The LO circuitry
would supply the RF LO signal to the up-conversion cir-
cuitry of the transmitter circuitry, rather than the offset-PLL
circuitry. Also, in a direct up-conversion implementation,
the LO circuitry typically does not provide an IF LO signal.

[0197] Furthermore, as noted above, one may use the
partitioning and interface concepts according to the inven-
tion not only in RF transceivers, but also in RF receivers for
high-performance applications. In such RF receivers, one
may partition the receiver as shown in FIGS. 2A-2D and 4-8,
and as described above. In other words, the RF receiver may
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have a first circuit partition that includes the receiver analog
circuitry, and a second circuit partition that includes the
receiver digital circuitry.

[0198] The RF receiver may also use the digital interface
between the receiver analog circuitry and the receiver digital
circuitry, as desired. By virtue of using the receiver analog
circuitry and the receiver digital circuitry described above,
the RF receiver features a low-IF, digital-IF architecture. In
addition, as noted above with respect to RF transceivers
according to the invention, depending on performance speci-
fications and design goals, one may include all or part of the
local oscillator circuitry within the circuit partition that
includes the receiver analog circuitry, as desired. Partition-
ing RF receivers according to the invention tends to reduce
the interference effects between the circuit partitions.

[0199] As noted above, although RF apparatus according
to the invention use a serial interface between the receiver
analog circuitry and the receiver digital circuitry, one may
use other types of interface, for example, parallel interfaces,
that incorporate different numbers of signal lines, different
types and sizes of signals, or both, as desired. Moreover, the
clock driver circuitries and the data driver circuitries may
generally constitute signal-driver circuitries that one may
use in a variety of digital interfaces between the receiver
analog circuitry and the receiver digital circuitry according
to the invention.

[0200] Likewise, the clock receiver circuitries and data
receiver circuitries may generally constitute signal-receiver
circuitries that one may use in a variety of digital interfaces
between the receiver analog circuitry and the receiver digital
circuitry according to the invention. In other words, one may
use signal-driver circuitries and signal-receiver circuitries to
implement a wide variety of digital interfaces, as persons of
ordinary skill who have the benefit of the description of the
invention understand.

[0201] As described above in detail, RF apparatus (such as
receivers and transceivers) perform some of the processing
of the input RF signal in the digital domain and provide
resulting digital signals, for example, to a baseband proces-
sor circuitry. The receiver digital circuitry according to the
invention, such as receiver digital circuitry shown in FIGS.
2 and 4-8, performs several tasks as described below in
detail.

[0202] First, in certain interfaces where the baseband
processor circuitry accepts analog signals, the receiver digi-
tal circuitry may convert the processed digital signals to
analog output signals, as desired. Second, the receiver
digital circuitry translates the signal spectrum from an
intermediate frequency to baseband (i.e., centered around
zero frequency or DC). Third, the receiver digital circuitry
applies a programmable gain to the processed signals so that
the amplitude of its output signals falls within a certain range
suitable for the baseband processor circuitry, as desired.
Fourth, the receiver digital circuitry removes residual DC
offsets that result from non-ideal circuit behavior in the
receiver analog circuitry. The removal of the residual DC
offsets according to the invention operates in the presence of
interference signals (e.g., interferers and blockers) and the
desired signal. Fifth, the receiver digital circuitry filters out
undesired energy present in its input signals.

[0203] The undesired energy may originate from a number
of sources, such as the quantization noise of the ADC
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circuitry in the receiver analog circuitry (see FIGS. 2 and
4-8 and their respective discussions), and RF noise and
spurious signals. The undesired RF energy may fall within
the signal band of interest, as well as outside of it.

[0204] The RF noise and spurious signals include inter-
ferers and blockers. GSM specification provide a for a
channel spacing of 200 kHz. An interferer constitutes a
signal in the desired signal band of interest that results from
another GSM user’s operation of RF apparatus that inject
energy within the RF spectrum. Blockers refer to spurious
RF signals that originate from apparatus that operates out-
side or inside the GSM band. Blockers may result from other
RF apparatus, such as military radios, global positioning
satellite (GPS) systems, and other users of the electromag-
netic spectrum. The digital filter circuitry in the receiver
digital circuitry filters and attenuates energy from interferers
and blockers.

[0205] The quantization noise of the ADC circuitry con-
stitutes another source of undesired energy. Exemplary
embodiments of RF apparatus according to the invention
include measures that aim to reduce interference with the
desired signal by the quantization noise of the ADC cir-
cuitry. FIG. 15 shows a typical plot of the spectrum of the
signal of interest that constitutes part of the output signal of
the receiver analog circuitry. As noted above, exemplary
embodiments of the invention employ a 100 kHz IF fre-
quency. In FIG. 15, the spectrum of the signal of interest
spans a 200 kHz band of frequencies from DC to +200 kHz.
The spectrum centers around the IF frequency, fi. The
quantization noise of the ADC circuitry appears mainly
below DC and above 200 kHz.

[0206] To reduce interference with the desired signal
band, the sigma-delta ADC circuitry in it exemplary
embodiments of RF apparatus according to the invention
employ noise-shaping techniques. The noise-shaping tech-
niques shape the characteristics of the quantization noise of
the ADC circuitry so as to move the quantization noise out
of the signal band of interest, e.g., DC to 200 kHz. FIG. 16
shows a typical plot of the quantization noise power density
for the ADC circuitry in exemplary embodiments of the
invention. Note that the quantization noise within the signal
band of interest is several orders of magnitude lower than
outside the signal band of interest.

[0207] As noted above, sigma-delta ADC circuitry provide
one-bit digital outputs to the receiver digital circuitry. Those
output signals constitute over-sampled digital signals. Typi-
cally, reducing quantization noise results from using more
resolution (i.e., more bits) in the ADC circuitry. By using
sigma-delta ADC circuitry, however, RF apparatus accord-
ing to the invention spectrally shape the quantization noise
so that it occupies frequency bands outside the signal band
of interest, as persons skilled in the art who read this
disclosure will understand.

[0208] Once it has received the one-bit in-phase and
quadrature signals from the receiver analog circuitry, the
receiver digital circuitry performs signal processing opera-
tions on those signals. FIGS. 17A and 17B show more
detailed conceptual or functional block diagrams of exem-
plary embodiments of receiver digital circuitry according to
the invention. Note that one may use either of receiver
digital circuitry in FIG. 17A or the receiver digital circuitry
in FIG. 17B as the receiver digital circuitries shown in
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FIGS. 2 and 4-8. FIG. 17A illustrates a conceptual or
functional block diagram of a receiver digital circuitry that
includes a cascade of digital down-converter 427, digital
filter circuitry 436, and optional DAC circuitry 445 (for
interfacing to baseband processor circuitries that accept
analog input signals, as described above). IF LO circuitry
1715 couples to digital down-converter circuitry 427 and
provides IF LO in-phase signal 1718 and IF LO quadrature
signal 1721 to the digital down-converter circuitry 427.

[0209] The digital filter circuitry 436 includes cascaded
integrator/comb (CIC) filter circuitry 1705A, secondary
filter circuitry 1710A, CIC filter circuitry 1705B, and sec-
ondary filter circuitry 1710B. CIC filter circuitry 1705A and
secondary filter circuitry 1710A provide the in-phase signal
path within the digital filter circuitry 436. Similarly, CIC
filter circuitry 1705B and secondary filter circuitry 1710B
provide the quadrature signal path within the digital filter
circuitry 436.

[0210] FIG. 17B shows a conceptual or functional block
diagram of another receiver digital circuitry according to the
invention. The receiver digital circuitry in FIG. 17B
includes a cascade of digital down-converter circuitry 427,
digital filter circuitry 436, PGA circuitries 836A-836B, and
optional DAC circuitry 445 (for interfacing to baseband
processor circuitries that accept analog input signals, as
described above). IF LO circuitry 1715 couples to digital
down-converter circuitry 427 and provides IF LO in-phase
signal 1718 and IF LO quadrature signal 1721 to the digital
down-converter circuitry 427.

[0211] The digital filter circuitry 436 includes cascaded
integrator/comb (CIC) filter circuitry 1705A, secondary
filter circuitry 1710A, CIC filter circuitry 1705B, and sec-
ondary filter circuitry 1710B. CIC filter circuitry 1705A and
secondary filter circuitry 1710A provide the in-phase signal
path within the digital filter circuitry 436. Similarly, CIC
filter circuitry 1705B and secondary filter circuitry 1710B
provide the quadrature signal path within the digital filter
circuitry 436. PGA circuitry 836A provides programmable
gain for the in-phase signal path within the receiver digital
circuitry. Likewise, PGA circuitry 836B provides program-
mable gain for the quadrature signal path of the receiver
digital circuitry.

[0212] One may control the programmable gain of PGA
circuitries 836A-836B in a variety of ways, as desired. In
exemplary embodiments of the invention, the baseband
processor circuitry (not shown explicitly in the figure)
controls the PGA circuitries 836 A-836B in order to keep the
signals provided to the baseband circuitry within a certain
range. To do so, the baseband processor circuitry uses a
gain-control algorithm that modifies the gain of the PGA
circuitries 836 A-836B depending on the level of the signals
that the receiver digital circuitry provides to the baseband
circuitry. In other words, if the level of those signals is too
low, the baseband circuitry increases the gain of the PGA
circuitry 836A and/or 836B, and vice-versa. The details of
the gain-control algorithm depend on the specifics of the
baseband processor implementation, as persons of ordinary
skill in the art would understand.

[0213] One may use in RF apparatus according to the
invention receiver digital circuitry with architectures differ-
ent than shown in FIGS. 17A-17B. For example, FIGS. 18A
and 18B show conceptual or functional block diagrams of
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alternative architectures of receiver digital circuitries for use
in exemplary embodiments of the invention. Conceptually,
the circuit arrangements shown in FIGS. 18A and 18B
change the order of processing that the circuits in FIGS. 17A
and 17B perform on the signals they receive from the
receiver analog circuitry. Note that one may use either of
receiver digital circuitry in FIG. 18A or the receiver digital
circuitry in FIG. 18B as the receiver digital circuitries
shown in FIGS. 2 and 4-8.

[0214] FIG. 18A illustrates a conceptual or functional
block diagram of a receiver digital circuitry that includes a
cascade of digital filter circuitry 436, digital down-converter
427, and optional DAC circuitry 445 (for interfacing to
baseband processor circuitries that accept analog input sig-
nals, as described above). IF LO circuitry 1715 couples to
digital down-converter circuitry 427 and provides IF LO
in-phase signal 1718 and IF L.O quadrature signal 1721 to
the digital down-converter circuitry 427.

[0215] Similar to the circuit in FIG. 17A, the digital filter
circuitry 436 in FIG. 18A includes complex CIC filter
circuitry 1805 and complex secondary filter circuitry 1810.
Unlike the circuit in FIG. 17A, however, the receiver digital
circuitry in FIG. 18A first filters the input signals using the
digital filter circuitry 436 and then mixes down the filtered
signal to baseband by using the digital down-converter
circuitry 427.

[0216] FIG. 18B shows a conceptual or functional block
diagram of an alternative architecture for a receiver digital
circuitry according to the invention. Similar to the circuit
arrangement in FIG. 17B, the receiver digital circuitry in
FIG. 18B includes a cascade of digital filter circuitry 436,
digital down-converter circuitry 427, PGA circuitries 836A-
836B, and optional DAC circuitry 445 (for interfacing to
baseband processor circuitries that accept analog input sig-
nals, as described above), but in a different order. Like the
circuit in FIG. 17B, the digital filter circuitry 436 in FIG.
18B includes CIC filter circuitry 1805 and secondary filter
circuitry 1810. IF LO circuitry 1715 couples to digital
down-converter circuitry 427 and provides IF LO in-phase
signal 1718 and IF LO quadrature signal 1721 to the digital
down-converter circuitry 427.

[0217] PGA circuitry 836 provides programmable gain for
the in-phase signal path within the receiver digital circuitry.
Likewise, PGA circuitry 836B provides programmable gain
for the quadrature signal path of the receiver digital circuitry.
Similar to FIG. 17B described above, in exemplary embodi-
ments of the invention, the baseband processor circuitry (not
shown explicitly in the figure) controls the PGA circuitries
836A-836B in FIG. 18B in order to keep the signals
provided to the baseband circuitry within a certain range. To
accomplish that goal, the baseband processor circuitry uses
a gain-control algorithm that changes the gain of the PGA
circuitries 836 A-836B depending on the level of the signals
that the receiver digital circuitry provides to the baseband
circuitry. In other words, if the level of those signals is too
low, the baseband circuitry increases the gain of the PGA
circuitries 836A and/or 836B, and vice-versa. The details of
the gain-control algorithm depend on the specifics of the
baseband processor implementation, as persons of ordinary
skill in the art would understand.

[0218] As an alternative to the arrangement shown in FIG.
18B, one may place the PGA circuitries 836A-836B
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between the secondary filter circuitry 1810 and the digital
down-converter circuitry 427. By using feedback automatic
gain control (AGC) to keep a constant level, the alternative
embodiment reduces the number of signal bits provided to
the digital down-converter circuitry 427. Consequently, one
may implement the digital down-converter circuitry 427 in
a simpler, less expensive manner.

[0219] Generally, note that one may re-use hardware
resources to implement the PGA circuitries 836 A-836B (for
example, by using a multiplier circuitry within a DSP
engine, as described below in detail) in various embodi-
ments of the invention, as desired. By doing so, one may
obtain improved signal flow. Furthermore, exemplary
embodiments of the invention use IIR-type filter circuitries
as the secondary filter circuitries. One, however, may use
other types of filters, as desired. For example, one may use
FIR, time-varying, non-linear filter circuitries, or complex
filter structures. The choice of the type of filter depends on
various performance and design criteria, such as magnitude
and group delay response, power consumption, use of sili-
con area, etc., as persons of ordinary skill in the art would
understand.

[0220] Note that, unlike conventional circuits, RF receiv-
ers or transceivers according to the invention provide chan-
nelization filtering within the receiver circuitry itself. Con-
ventional circuits provide channelization filtering as part of
the baseband processor circuitry that accompanies the RF
circuitry. RF receivers or transceivers according to the
invention, however, provide channelization filtering within
the receiver digital circuitry. The CIC filter circuitry and the
secondary filter circuitry within the receiver digital circuitry
perform channelization filtering. In other words, they trans-
mit the desired signal channel while rejecting other users’
channels and interfering signals.

[0221] Providing channelization filtering within the RF
circuitry reduces the processing load on the baseband pro-
cessor circuitry. Furthermore, where the baseband processor
circuitry accepts analog signals from the RF circuitry, pro-
viding channelization filtering within the RF circuitry over-
comes the requirement for the DAC circuitries at the output
of the RF circuitry to cope with adjacent channel signals.
Consequently, one may use cheaper, less complex, or
smaller DAC circuitries and/or baseband processor circuit-
ries.

[0222] FIG. 19 provides a conceptual or functional signal
flow-diagram of the digital down-converter circuitry 427.
One may use the digital down-converter circuitry of FIG. 19
in the RF apparatus shown in FIGS. 2 and 4-8, as desired.
The digital down-converter circuitry 427 includes four mul-
tiplier circuitries 1903, 1906, 1909, and 1912. The digital
down-converter circuitry also includes two combiner cir-
cuitries 1915 and 1918. The multiplier circuitries 1903,
1906, 1909, and 1912 perform a fully complex multiplica-
tion of the input signals from the receiver analog circuitry
(ie., single-ended versions of the in-phase digital receive
signal 421 and the quadrature digital receive signal 424)
with the input signals from the IF LO (i.e., the IF LO
in-phase signal 1718 and the IF LO quadrature signal 1721).
Table 4 below lists the input operands to each of the
multiplier circuitries 1903, 1906, 1909, and 1912. Signals
421A and 424A represent single-ended versions of the
differential one-bit in-phase and quadrature digital receive
signals 421 and 424, respectively.
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TABLE 4

Multiplier

Circuitry First Operand Second Operand

1903 In-phase digital receive signal IF LO in-phase signal 1718

421A
1906 In-phase digital receive signal IF LO quadrature signal 1721
421A
1909 Quadrature digital receive  IF LO quadrature signal 1721
signal 424A
1912 Quadrature digital receive IF LO in-phase signal 1718

signal 424A

[0223] Combiner circuitry 1915 subtracts the output of
multiplier circuitry 1909 from the output of multiplier
circuitry 1903 to generate the in-phase output signal of the
digital down-converter circuitry 427. Combiner circuitry
1918 adds together the output signals of multiplier circuitry
1906 and multiplier circuitry 1912 to provide the quadrature
output signal of the digital down-converter 427. Note that
this circuit arrangement applies to a signal centered at +f .
For a signal centered at —f;z, one may switch around the
operands applied to the combiner circuitries 1915 and 1918.

[0224] Note that the in-phase digital receive signal 421
and the quadrature digital receive signal 424 are one-bit
digital signals. In exemplary embodiments of the invention,
the in-phase and quadrature digital receive signals 421 and
424 have numerical values of +1 and -1, which map to
binary logic zero and one levels. Note that one may assign
the numerical values and the corresponding binary logic
values to the in-phase and quadrature digital receive signals
421 and 424, as desired. The IF L.O in-phase signal 1718 and
the IF LO quadrature signal 1721 are multi-bit digital
signals. Consequently, the output signals of the multiplier
circuitries 1903, 1906, 1909, and 1912 are multi-bit digital
signals.

[0225] As noted above, one of the operands for each of the
multiplier circuitries 1903, 1906, 1909, and 1912 constitutes
a one-bit digital signal (i.e., the in-phase digital receive
signal 421 and quadrature digital receive signal 424). As a
result, the digital down-converter circuitry 427 according to
the invention may employ simple circuit arrangements to
implement multiplier circuitries 1903, 1906, 1909, and
1912, rather than full multiplier circuitries. In exemplary
embodiments, the multiplier circuitries 1903, 1906, 1909,
and 1912 include circuitry that conditionally changes the
sign of the other respective operand to multiplier circuitries
1903, 1906, 1909, and 1912 (i.e., the IF LO in-phase signal
1718 and the IF LO quadrature signal 1721). In other words,
in this embodiment, each of the multiplier circuitries 1903,
1906, 1909, and 1912 maps the two logic levels of the
in-phase digital receive signal 421 and quadrature digital
receive signal 424 to either +1 or -1, respectively, and
changes the sign of the IF LO in-phase signal 1718 and the
IF LO quadrature signal 1721 accordingly. This implemen-
tation results in simplified structures for the digital down-
converter circuitry 427 and, thus, hardware, power, and cost
savings.

[0226] By using the architectures shown in FIG. 18 rather
than the architectures in FIG. 17, one may trade off the
simplicity in the digital down-converter circuitry 427 for
simplicity in the digital filter circuitry 436. In other words,
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the digital filter circuitries 436 in FIG. 18 receive one-bit
signals 421 and 424 from the receiver analog circuitry.
Because the digital filter circuitries 436 operate on one-bit,
rather than multiple-bit signals, they may have a simplified
architecture and/or structure. The output signals of the
digital filter circuitries 436, however, provide multiple-bit
output signals to the digital down-converter circuitries 427.
The digital down-converter circuitries 427 in FIG. 18 are
relatively more complex compared to the digital down-
converter circuitries 427 in FIG. 17, because they operate on
multiple-bit signals. Thus, by using the architectures shown
in FIG. 18, one trades off the simplicity of the digital
down-converter circuitry 427 for simplicity in the digital
filter circuitry 436.

[0227] FIGS. 20A and 20B illustrate conceptual or func-
tional block diagrams of IF LO circuitry 1715 according to
the invention. FIG. 20A shows a conceptual or functional
block diagram of one embodiment of an IF LO circuitry
1715 that uses sine and cosine look-up tables. The IF LO
circuitry 1715 in FIG. 20A includes a sine look-up table
2003A, a cosine look-up table 2006A, sign inversion cir-
cuitries 2006A and 2009A, counter circuitry 2015A, and
selection-logic circuitry 2018A. The sine look-up table
2003 A includes digital words that correspond to sine values.
Similarly, the cosine look-up table 2006A stores digital
words that correspond to cosine values. In response to count
value 2021A from the counter circuitry 2015A, the sine
look-up table 2003A and the cosine look-up table 2006A
provide sine and cosine values, respectively.

[0228] Exemplary embodiments of the invention use read-
only memory (ROM) circuitries (not shown in FIG. 20A) to
implement the sine look-up table 2003A and the cosine
look-up table 2006A. A first ROM circuitry stores digital
words for the sine values, whereas a second ROM circuitry
stores digital words for the cosine values. One, however,
may implement the sine look-up table 2003 A and the cosine
look-up table 2006A in a variety of ways, as persons skilled
in the art would understand.

[0229] One may provide digital values corresponding to
the sine and cosine values with a variety of resolutions (i.e.,
the number of bits in each output word), as desired. Fur-
thermore, one may use the inventive concepts with other
techniques for providing sine and cosine values, as persons
of ordinary skill in the art who read the description of the
invention will understand. For example, rather than using
look-up tables, one may compute sine and cosine values in
real time, as desired. As another example, one may use one
ROM circuitry to store both sine and cosine values.

[0230] The sine look-up table 2003A provides its output
value (i.e., the sine value) to the selection-logic circuitry
2018A and the sign inversion circuitry 2009A. At its output,
the sign inversion circuitry 2009A provides the negative of
the sine values. Similarly, the cosine look-up table 2006A
provides cosine values to both the selection-logic circuitry
2018A and the sign inversion circuitry 2012A. The sign
inversion circuitry 2012A changes the sign of the cosine
value and provides the result (i.e., —cos) to the logic-
selection circuitry 2018A. Thus, the selection-logic circuitry
2018A receives the following four quantities: sin, —sin, cos,
and -cos.

[0231] The counter circuitry 2015A counts through a set of
digital numbers. The counter circuitry 2015A provides its
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count value 2021A to the sine look-up table 2003A and the
cosine look-up table 2006A. The count value 2021A serves
as a pointer or index to the sine look-up table 2003 A and the
cosine look-up table 2006A. In exemplary embodiments of
the invention, the sine look-up table 2003A and the cosine
look-up table 2006A use the count value 2021A as an
address input in their respective ROM circuitries in order to
retrieve the sine and cosine values.

[0232] The counter circuitry 2015A also provides the
count value 2021A to the selection-logic circuitry 2018A.
The count value 2021A signifies the quadrant for which the
selection-logic circuitry 2018 A provides output signals. The
selection-logic circuitry 2018A uses the count value 2021A
and the quantities it receives from sine look-up table 2003 A,
the cosine look-up table 2006A, sign inversion circuitry
2009A, and sign inversion circuitry 2012A (i.e., sin, -sin,
cos, and —cos, respectively) to generate the IF LO in-phase
signal 1718 and the IF L.O quadrature signal 1721.

[0233] In exemplary embodiments of the invention, the
logic-selection circuitry 2018A includes a multiplexer cir-
cuitry (not shown explicitly) to select from the input signals
of the logic-selection circuitry 2018A. The logic-selection
circuitry 2018A uses the count value 2021A to select from
the input terms (i.e., sin, —sin, cos, and —cos), and provide
the selected terms as IF LO in-phase signal 1718 and IF L.O
quadrature signal 1721 signal. By using the circuit arrange-
ment shown in FIG. 20A in exemplary embodiments, one
may reduce the size of the look-up tables 2003 A and 2006 A
by taking advantage of the symmetries in the sine and cosine
functions. In other words, the look-up tables 2003A and
2006 A may store one-fourth of the waveforms for sine and
cosine functions and use the symmetry in those functions to
derive values for other portions of the waveforms.

[0234] Note that FIG. 20A shows one possible arrange-
ment for the IF LO circuitry 1715. As persons of ordinary
skill in the art who read the disclosure of the invention will
understand, however, one may use a variety of arrangements
and implementations for the IF LO circuitry 1715, as
desired. For example, FIGS. 19 and 20A show conceptual
block diagrams of the digital down-converter circuitry 427
and the IF LO circuitry 1715 as separate blocks of circuitry.
One, however, may combine the functionality of the digital
down-converter circuitry 427 and the IF LO circuitry 1715
into one block, as desired.

[0235] FIG. 20B shows a conceptual or functional block
diagram of a circuit arrangement that combines the func-
tionality of the IF LO circuitry 1715 with the functionality
of the digital down-converter 427. The circuit arrangement
in FIG. 20B includes a (sin+cos) look-up table 2003B, a
(sin—cos) look-up table 2006B, sign inversion circuitries
2006B and 2009B, counter circuitry 2015B, and selection-
logic circuitry 2018B. The (sin+cos) look-up table 2003B
includes digital words that correspond to sine plus cosine
values. Similarly, the (sin—cos) look-up table 2006B stores
digital words that correspond to sine minus cosine values. In
response to the count value 2021B from the counter circuitry
2015B, the (sin+cos) look-up table 2003B and the (sin—cos)
look-up table 2006B provide (sin+cos) and (sin-cos) values,
respectively.

[0236] Exemplary embodiments of the invention use read-
only memory (ROM) circuitries (not shown in FIG. 20B) to
implement the (sin+cos) look-up table 2003B and the (sin-
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cos) look-up table 2006B. A first ROM circuitry stores
digital words for the sine plus cosine values, whereas a
second ROM circuitry stores digital words for the sine
minus cosine values. One, however, may implement the
(sin+cos) look-up table 2003B and the (sin—cos) look-up
table 2006B in a variety of ways, as persons skilled in the art
would understand. In exemplary embodiments of the inven-
tion, the (sin+cos) look-up table 2003B and the (sin—cos)
look-up table 2006B provide 19-bit digital values as their
respective outputs. One, however, may choose to provide
digital values with other resolutions, as desired, by making
modifications that persons skilled in the art would under-
stand.

[0237] Moreover, by using the circuit arrangement shown
in FIG. 20B in exemplary embodiments, one may reduce the
size of the look-up tables 2003B and 2006B by taking
advantage of the symmetries in the sine and cosine func-
tions. In other words, the look-up tables 2003B and 2006B
may store one-fourth of the waveforms for the (sin+cos) and
(sin—cos) functions and use the symmetry properties of sine
and cosine functions to derive values for other portions of
the waveforms. Furthermore, note that one may use the
inventive concepts with other techniques for providing sine
and cosine values, as persons of ordinary skill in the art who
read the description of the invention will understand. For
example, rather than using look-up tables, one may compute
sine and cosine values and, hence, (sin+cos) and the (sin-
cos) values, in real time, as desired.

[0238] The (sin+cos) look-up table 2003B provides its
output value (i.e., the sine plus cosine value) to the selection-
logic circuitry 2018B and the sign inversion circuitry
2009B. At its output, the sign inversion circuitry 2009B
provides the negative of sine plus cosine, or —(sin+cos).
Similarly, the (sin—-cos) look-up table 2006B provides sine
minus cosine values to both the selection-logic circuitry
2018B and the sign inversion circuitry 2012B. The sign
inversion circuitry 2012B changes the sign of the sine minus
cosine value and provides the result (i.e., —=(sin —cos)) to the
logic-selection circuitry 2018B. Thus, the selection-logic
circuitry 2018B receives the following four quantities: (sin+
cos), —(sin+cos), (sin-cos), and —(sin—cos).

[0239] The counter circuitry 2015B counts through a set of
digital numbers. The counter circuitry 2015B provides its
count value 2021B to the (sin+cos) look-up table 2003B and
the (sin—cos) look-up table 2006B. The count value 2021B
serves as a pointer or index to the (sin+cos) look-up table
2003B and the (sin—cos) look-up table 2006B. In exemplary
embodiments of the invention, the (sin+cos) look-up table
2003B and the (sin—cos) look-up table 2006B use the count
value 20211B as an address input in their respective ROM
circuitries in order to retrieve the (sin+cos) and (sin—cos)
values.

[0240] The counter circuitry 2015B also provides the
count value 2021B to the selection-logic circuitry 2018B.
The selection-logic circuitry 2018B uses the count value
2021B (i.e., quadrant information) and the quantities it
receives from (sin+cos) look-up table 2003B, the (sin—cos)
look-up table 2006B, sign inversion circuitry 2009B, and
sign inversion circuitry 2012B (i.e., (sin+cos), —(sin+cos),
(sin—cos), and —(sin—cos), respectively) to generate the
in-phase and quadrature output signals. In addition, the
selection-logic circuitry 2018B uses in-phase digital receive
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signal 421A and quadrature digital receive signal 424A to
generate its in-phase and quadrature output signals.

[0241] The circuit arrangement shown in FIG. 20B incor-
porates into the logic-selection circuitry 2018B the multi-
pliers (e.g., multiplier circuitries 1903, 1906, 1909, and 1912
in FIG. 19) that one would use if one were to implement a
separate digital down-converter circuitry 427. Furthermore,
using the circuit arrangement in FIG. 20B uses stored
(sin+cos) and (sin-cos) values in order to implement the
function of adders in the digital down-converter circuitry
(e.g., adder circuitries 1915 and 1918 in FIG. 19).

[0242] Note that FIG. 20B shows one possible arrange-
ment for the combined functionality of the IF LO circuitry
1715 and the digital down-converter circuitry 427. As per-
sons of ordinary skill in the art who read the disclosure of the
invention will understand, however, one may use a variety
of arrangements and implementations, as desired.

[0243] The signal processing blocks within the digital
filter circuitry 436 use as building blocks digital integrator
circuitries and digital differentiator circuitries. FIGS. 21
and 22 show a digital integrator circuitry 2100 and a digital
differentiator circuitry 2200, respectively, for use in exem-
plary embodiments of the invention.

[0244] The digital integrator circuitry 2100 in FIG. 21
includes a delay (or z™* block) circuitry 2103 and combiner
circuitry 2106. The delay circuitry 2103 generates a delayed
version of the output signal y;(n) and provides the delayed
signal to the combiner circuitry 2106. The combiner cir-
cuitry 2106 sums the input signal x,(n) with the delayed
version of the output signal y,(n). The output signal of the
combiner circuitry 2106 defines the output signal y4(n) of the
digital integrator circuitry 2100. The digital integrator cir-
cuitry 2100 has the following transfer function, H(D):

H{D)= ——.
1-D

[0245] Referring to FIG. 22, the digital differentiator
circuitry 2200 has a delay circuitry 2203 that generates a
delayed version of the input signal, x,(n). The delay circuitry
2203 provides the delayed input signal to combiner circuitry
2206. The combiner circuitry 2206 subtracts the delayed
version of the input signal x4(n) from the input signal x,4(n).
The output signal of the combiner circuitry 2206 defines the
output signal y,(n) of the digital differentiator circuitry
2200. The digital differentiator circuitry 2200 has the trans-
fer function:

Hy(D)=1-D.

[0246] FIG. 23 shows a conceptual or functional block
diagram of a CIC filter circuitry for use in exemplary
embodiments of the invention. The CIC filter circuitry
includes combiner circuitry 2303, delay circuitry 2306,
decimator circuitry 2309, combiner circuitry 2315, and
delay circuitry 2312. The decimator circuitry 2309 repre-
sents a circuit that decimates its input data by is N. One may
implement the decimator circuitry 2309 as a delay element
(such as a flip-flop) clocked at a frequency of 1/N of the
sampling frequency of its input signal. In the exemplary
embodiment shown in FIG. 23, the decimator circuitry 2309
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decimates its input data by 16 (i.e., N=16) although, gener-
ally, one may use other values of N, as desired.

[0247] Note that combiner circuitry 2303 and delay cir-
cuitry 2306 together provide an integrator circuitry (see
FIG. 21). Likewise, note that the delay circuitry 2312 and
combiner circuitry 2315 together make a differentiator cir-
cuitry (see FIG. 22). Thus, the CIC filter circuitry in FIG.
23 effectively includes a cascade of an integrator circuitry, a
decimator circuitry 2309, and a differentiator circuitry.

[0248] The CIC filter circuitry has the following impulse
response at a sampling frequency that equals the input
sampling frequency (i.e., 13 MHz in exemplary embodi-
ments):

0,0,0,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,0,0,0, ...

Time=0

[0249] Note that the above impulse response represents
the impulse response viewed at the input clock rate, rather
than at the output clock rate. Thus, the impulse response of
the CIC filter circuitry has the shape of a rectangular window
in the time domain. The number of “1”s in the impulse
response equals the decimation factor. In exemplary
embodiments, the decimation factor equals 16. One, how-
ever, may use other values of decimation factors, as desired.
The rectangular impulse response in the time domain cor-
responds to a sinc function in the frequency domain.

[0250] As persons skilled in the art would appreciate, the
CIC filter circuitry has a transfer function:
ch([i);1+1[3)+D12:-D314;D4+D5+D5+D7+D8+D9+D1D+
DY +D+D+DM D,
[0251] Note that the CIC filter circuitry in FIG. 23
includes feedback (through delay circuitry 2306 in the
integrator circuitry), so it appears to constitute an infinite-
impulse response circuit. Because of pole-zero cancellation,
however, the CIC filter circuitry behaves (from an input-
output point of view) as a finite-impulse response circuit.

[0252] FIG. 24 illustrates a conceptual or functional block
diagram of a boxcar filter circuitry that one may use in
exemplary embodiments of the invention. The boxcar filter
circuitry includes a cascade of delay circuitries 2403A-
24030. An input signal drives the first delay circuitry 2403A.
The boxcar filter circuitry also includes a cascade of com-
biner circuitries 2406A-24060. The input signal also drives
one input of the first combiner circuitry 2406A. The output
signal of delay circuitry 2403A drives another input of the
first combiner circuitry 2406A. Each of the succeeding
combiner circuitries 2406B-24060 receives one of its input
signals from the output of the preceding combiner circuitry.
Each of the succeeding combiner circuitries 2406B-24060 in
the chain also receives a second input from a corresponding
delay circuitry 2403B-24030. For example, combiner cir-
cuitry 2406B receives one operand from the output of
combiner circuitry 2406A and another operand from the
output of delay circuitry 2403B, and so on.

[0253] The output of the last combiner circuitry, i.e.,
combiner circuitry 24060, drives a decimator circuitry 2409.
The decimator circuitry 2409 generally decimates by a
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factor N. In exemplary embodiments of the invention, N
equals 16, although one may generally use other values of N,
as desired. Note that the boxcar filter circuitry in FIG. 24
includes 15 delay circuitries 2403A-24030 and 15 combiner
circuitries 2406A-24060. Depending on a given set of speci-
fications and targeted performance, however, one may use
other numbers of delay and combiner circuitries, as desired.

[0254] The boxcar filter circuitry in FIG. 24 has the same
impulse response and transfer function as does the CIC filter
circuitry in FIG. 23. From a hardware realization point of
view, however, the CIC filter circuitry provides a more
efficient arrangement. The CIC filter circuitry uses two
combiner circuitries and three registers (to implement the
delay circuitries), whereas the boxcar filter circuitry uses 15
combiner circuitries and 16 registers. One may use either the
CIC filter circuitry or the boxcar filter circuitry to implement
embodiments of the invention, depending on desired per-
formance and specifications, as persons skilled in the art
would understand.

[0255] FIG. 25 shows a conceptual or functional block
diagram of a sixth-order CIC filter circuitry for use in the
receiver digital circuitry in exemplary embodiment of the
invention. The CIC filter circuitry includes a cascade of an
integrator chain section, a decimator circuitry 2509, and a
differentiator chain section (the differentiator chain section
constitutes a comb filter circuitry). The CIC filter circuitry in
FIG. 25 has a similar signal-flow architecture to the CIC
filter circuitry in FIG. 23. Note, however, that the CIC filter
circuitry in FIG. 25 uses sixth-order integrator and differ-
entiator chain sections, whereas the CIC filter circuitry of
FIG. 23 uses first-order integrators and differentiators.
Depending on a given set of specifications and performance
targets, one may other numbers of integrators and differen-
tiators, as desired. The 6th-order integrator and differentiator
chain sections corresponds to a transfer function in the
frequency domain that constitutes a sinc function raised to
the sixth power.

[0256] The integrator chain section includes a cascade of
six integrator circuitries (each similar to the integrator
circuitry in FIG. 21) that use combiner circuitries 2503A-
2503F and delay circuitries 2506 A-2506F. The output of the
integrator chain section drives the decimator circuitry 2509.
The decimator circuitry 2509 generally decimates by a
factor of N. In exemplary embodiments of the invention, N
equals 16, although one may generally use other values of N,
as desired.

[0257] The differentiator chain includes a cascade of six
differentiator circuitries (each similar to the differentiator
circuitry in FIG. 22) that use combiner circuitries 2512A-
2512F and delay circuitries 2515A-2515F. Each combiner
circuitry 2512A-2512F subtracts the output signal of a
corresponding delay circuitry 2515A-2515F from the output
signal of the preceding stage. The output of the differentiator
chain section (i.e., the output of combiner circuitry 2512F)
constitutes the output signal of the CIC filter circuitry.

[0258] As FIGS. 17 and 18 illustrate, the output of the
CIC filter circuitry in each of the in-phase and quadrature
signal paths drives a secondary filter circuitry, such as an IIR
filter circuitry. In exemplary embodiments, the IIR filter
circuitry includes a cascade of one or more second-order, or
biquad, filter circuitries and a notch filter circuitry. Each of
the biquad filter circuitries and the notch filter circuitry
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constitutes a second-order filter. Note that the IIR filter
circuitries and, more generally, the secondary filter circuit-
ries, follow the CIC filter circuitries and, hence, the deci-
mator circuitry. Thus, the IIR filter circuitries or secondary
filter circuitries operate at a lower sample rate than the
sample rate of the input signals to the CIC filter circuitries
(13 MHz in exemplary embodiments of the invention).
Operation at a lower sample rate results in less stringent
hardware specifications and less power consumption, for
example, in CMOS implementations of the invention. In
exemplary embodiments of the invention, the IIR filter
circuitries or secondary filter circuitries operate at a sample
rate of 812.5 kHz, although one may use other clock rate and
sample rate arrangements, as desired.

[0259] FIG. 26 shows a conceptual or functional block
diagram of a biquad filter circuitry for use in exemplary
embodiments of the invention. The biquad filter circuitry
includes five gain circuitries 2603A-2603E, three combiner
circuitries 2606A-2606C, and two delay circuitries 2609A-
2609B. Gain circuitries 2603A-2603C have gain values (or
coefficients) of by, b, and b,, respectively. Similarly, gain
circuitries 2603D-2603E have gain values of —a, and -a,,
respectively. Note that delay circuitries 2609A-2609B oper-
ate at the sample rate of the biquad filter circuitry, i.e., 812.5
kHz in exemplary embodiments of the invention.

[0260] Gain circuitry 2603C scales the input signal by b,
and provides the result to combiner circuitry 2606C. Com-
biner circuitry 2606C also receives as a second input signal
the output signal (i.e., the output signal of the combiner
circuitry 2606A), scaled by -a, by gain circuitry 2603E.
Combiner circuitry 2606C provides the sum of its two input
signals to delay circuitry 2609B. Combiner circuitry 2606B
receives one input from delay circuitry 2609B. Two other
inputs to combiner circuitry 2606B constitute the input
signal scaled by b, (provided by gain circuitry 2603B), and
the output signal scaled by —a, (provided by gain circuitry
2603D), respectively. Combiner circuitry 2606B sums its
three input signals and provides the resulting quantity to
delay circuitry 2609A. Combiner circuitry 2606 A provides
the output signal of the biquad filter circuitry by summing
together the output signal of delay circuitry 2609A and a
version of the input signal scaled by b, (provided by gain
circuitry 2603A).

[0261] The overall biquad filter circuitry has the following
transfer function:

bo +b D+ b,D?
Hp(D)= ———MM .
1+ a1 D+ a2D2

[0262] As the above transfer function indicates, the biquad
filter circuitry has two zeros and two poles. The values of b,
b,, and b, control the location of the zeros of the biquad filter
circuitry, whereas the values of a, and a, control its pole
locations.

[0263] FIG. 27 depicts a conceptual or functional block
diagram of a notch filter circuitry for use in exemplary
embodiments of the invention. The notch filter circuitry has
a similar signal-flow architecture to the signal-flow archi-
tecture of the biquad filter circuitry in FIG. 26. The notch
filter circuitry includes five gain circuitries 2703A-2703E,
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three combiner circuitries 2706A-2706C, and two delay
circuitries 2709A-2709B. Gain circuitries 2703A-2703C
have gain values of by, by;, and b,,, respectively. Gain
circuitry 2703D has a gain value of —a,;, and gain circuitry
2703E has a gain value of 1-k. Gain circuitry 2703E
controls some of the characteristics of the notch filter
circuitry, as described below in more detail.

[0264] Gain circuitry 2703C scales the input signal by b,,
and provides the result to combiner circuitry 2706C. A
version of the output signal, scaled by 1-k by gain circuitry
2703E, constitutes a second input to combiner circuitry
2706C. Combiner circuitry 2706C provides the sum of its
input signals to delay circuitry 2709B. Combiner circuitry
2706B receives one input from delay circuitry 2709B. Two
additional inputs to combiner circuitry 2706B constitute,
respectively, the input signal scaled by b,, (provided by gain
circuitry 2703B), and the output signal of gain circuitry
2703E (i.e., the output signal of the notch filter circuitry
scaled by 1-k) scaled by —a,,(provided by gain circuitry
2703D). Combiner circuitry 2706B sums its three input
signals and provides the resulting quantity to delay circuitry
2709A. Combiner circuitry 2706A provides the output sig-
nal of the notch filter circuitry by summing together the
output signal of delay circuitry 2709A, and the input signal
scaled by by, (provided by gain circuitry 2703A), respec-
tively.

[0265] As noted above, in exemplary embodiments, the
secondary filter circuitries or IIR filter circuitries in FIGS.
17 and 18 use cascade arrangements of biquad and notch
filter circuitries. FIGS. 28A and 28B illustrates examples of
such cascade arrangements. As persons of ordinary skill in
the art who read the description of the invention will
understand, depending on design and performance specifi-
cations, one may use either arrangement, as desired. The
arrangement in FIG. 28A includes one biquad filter circuitry
and one notch filter circuitry. The biquad filter circuitry
appears before the notch filter circuitry. The arrangement in
FIG. 28B also includes one biquad filter circuitry and one
notch filter circuitry. Unlike the arrangement in FIG. 28A,
however, the notch filter circuitry in the arrangement in FIG.
28B appears before the biquad filter circuitry.

[0266] The biquad and notch filter circuitries may consti-
tute the biquad filter circuitry and the notch filter circuitry
that FIGS. 26 and 27 depict, respectively. The arrangements
in FIGS. 28A and 28B are fourth-order filter circuitries
overall. One, however, may use a different number of filter
circuitries to provide a desired overall order for the filter
circuitry, as FIG. 29 and its description below illustrate.

[0267] One may implement the biquad and notch filter
circuitries using a variety of digital filter hardware realiza-
tion techniques, as persons of ordinary skill in the art would
understand. For example, one may use dedicated hardware,
finite-state machines, standard cells, programmable hard-
ware (e.g., PLDs, CPLDs, or FPGAs), or a combination of
hardware and software, as desired.

[0268] Exemplary embodiments of the invention realize
the biquad filter circuitry and the notch filter circuitry using
DSP engines. The DSP engines constitute custom hardware,
designed to perform a relatively limited set of signal pro-
cessing operations. A control logic circuitry includes hard-
wired, pre-selected operations. Depending on the design and
performance specifications for a particular implementation,
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however, one may use other arrangements, such as signal
processing hardware with programmable operations, as
desired. The choice of the signal processing hardware for a
particular implementation falls within the knowledge of
persons skilled in the art who read the description of the
invention.

[0269] The DSP engines have multiply and add capabili-
ties, together with a set of registers for storing operands and
the results of calculations. The DSP engines use a clock
frequency that is a multiple (16 in exemplary embodiments)
of the filter circuitries” data sample rate. For example, in
some embodiments, the DSP engines use a 13 MHz clock,
whereas the filter circuitries have an 812.5 kHz clock,
although one may use other clocking arrangements, as
desired. Using different clocking rates for the DSP engines
and the filter circuitries allows time-multiplexing the mul-
tiply and add operations used to realize the filter circuitries.

[0270] In exemplary embodiments of the invention, each
DSP engine can implement the functionality of two biquad
filter circuitries, or one biquad filter circuitry and one notch
filter circuitry, and the programmable-gain circuitries for
both the in-phase and quadrature signal paths. Note, how-
ever, that one may implement different numbers of filter
circuitries by each DSP engine, as desired. Exemplary
embodiments of the invention use three DSP engines, thus
providing the capability for filter circuitries up to 12th order.
Note, however, that one may use different numbers and/or
types of DSP engines to realize other filter orders, as desired,
by making modifications that persons of ordinary skill in the
art understand.

[0271] DSP engines in exemplary embodiments of the
invention use coefficient values stored in ROM circuitries. In
those embodiments, one may change the coefficient values
by modifying the contents of the ROM circuitries. Note,
however, that one may implement and/or store the coeffi-
cient values in a variety of ways, as persons skilled in the art
would understand. For example, one may store the coeffi-
cient values in register circuitries that an accompanying
baseband processor circuitry programs. As another example,
one may store the coefficient values in erasable program-
mable ROM (EPROM), electrically erasable programmable
ROM (EEPROM), or electrically erasable ROM (EEROM)
circuitries, or flash memory circuitries, as desired.

[0272] One may use coefficient values and state variables
with a desired bit precision in the digital filter circuitry.
Exemplary embodiments of the invention use bit precisions
that tend to reduce quantization noise in typical applications.
In those embodiments, the state variables each include 26
bits. Filter coefficients, with the exception of b, and b, in
FIGS. 26-28, use a simple floating-point representation, with
a 12-bit mantissa and a 3-bit exponent.

[0273] Coefficients b, and by, result from simple shift
operations on the input data, x(n), of the biquad filter
circuitry and the notch filter circuitry, respectively. In other
words, to realize coefficients b, and by, the hardware shifts
the input data corresponding to x(n). As persons of ordinary
skill in the art understand, a right-shift operation corre-
sponds to a divide-by-two operation. Thus, by using N
right-shift operations, one may in effect multiply the input
samples x(n) by %N Conversely, by using M left-shift
operations, one may multiply the input samples by 2™ Using
the shift operations to realize multiplication or division by
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powers of 2, rather than using a fall multiplier, provides
hardware savings and circuit simplification in exemplary
embodiments of the invention. Note, however, that one may
use multipliers in order to implement arbitrary filter coeffi-
cients b, and b, as desired. Because the shift operations do
not use a multiplier circuitry in the DSP engines, one may
use the multiplier circuitry to implement the functionality of
PGA circuitries 836A and 836B.

[0274] In exemplary embodiments, coefficient b;; has a
19-bit mantissa and a 3-bit exponent. The increased bit
precision of the mantissa tends to allow more precise
positioning of the notch filter circuitry’s notch frequency.
The desired precision of the various coefficients may vary,
depending on design and specification factors for each
particular embodiment of the invention. One may therefore
use other precisions and arrangements of the various coef-
ficients, as desired.

[0275] FIGS. 29A-29F show exemplary arrangements of
biquad filter circuitries and notch filter circuitries to provide
various desired overall order for the secondary filter cir-
cuitry. The overall order of the filter circuitry influences the
characteristics of the filter circuitry, such as its magnitude
response and group-delay characteristics, as persons of
ordinary skill in the art would understand.

[0276] FIGS. 29A-29C illustrate a cascade arrangement of
biquad and notch sections where the notch section appears
after the biquad sections. FIG. 29A illustrates a cascade
arrangement of two biquad filter circuitries and a notch filter
circuitry. The overall filter circuitry constitutes a 6th-order
filter. FIG. 29B depicts a similar arrangement. The cascade
arrangement in FIG. 29B includes three biquad filter cir-
cuitries and a notch filter circuitry. Thus, the overall filter
circuitry is an 8th-order filter. FIG. 29C shows a cascade
arrangement of five biquad filter circuitries and a notch filter
circuitry. The overall cascade arrangement constitutes a
12th-order filter.

[0277] FIGS. 29D-29F illustrate a cascade arrangement of
notch and biquad sections where the notch section appears
before the biquad sections. Placing the notch filter circuitry
before the biquad filter circuitries may lead to a quicker
settling time when used in combination with the adjustment
of the notch filter circuitry, described below in detail. FIG.
29D illustrates a cascade arrangement of a notch filter
circuitry and two biquad filter circuitries. The overall filter
circuitry constitutes a 6th-order filter. FIG. 29E depicts a
similar arrangement, where the cascade arrangement
includes a notch filter circuitry and three biquad filter
circuitries. Thus, the overall filter circuitry is an 8th-order
filter. FIG. 29F shows a cascade arrangement of a notch
filter circuitry and five biquad filter circuitries. The overall
cascade arrangement constitutes a 12th-order filter.

[0278] Note that FIG. 29 illustrates filter circuitry
arrangements in exemplary embodiments of the invention.
One, however, may use other arrangements that use different
numbers of biquad and notch filter circuitries, as desired,
depending on various design and performance criteria, as
persons skilled in the art would understand. For example,
one may use different numbers of biquad filter circuitries
and/or different numbers of notch filter circuitries, as
desired. Furthermore, one may reverse the order of the
biquad section (or sections) and the notch section. In other
words, the notch section may appear between two biquad
sections, as desired. As one example, the notch filter in
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FIGS. 29A and 29D may appear between the two biquad
sections, rather than either before them (as in FIG. 29D) or
after them (as in FIG. 29A).

[0279] Tables 5-7 provides the values of filter circuitry
coefficients for various exemplary embodiments of the
invention, as shown in FIGS. 29D-29F. The “Block” column
refers to the position of a block within FIG. 29. For
example, “Biquad I” refers to the first biquad section in
FIGS. 29D-29F. Table 5 below lists the various coefficient
values for the filter circuitry arrangement of FIG. 29D:

TABLE 5
Block Coeflicient Value
Notch boy %]
by, ~9379%/131072
byy 173
apy —(15%024)*('¥16)
1-k %6
Biquad 1 by Ye
b, 120465536
b, 40965536
a, —4380/4006
a, 14334006
Biquad 2 by Va
b, —53920%65536
b, 45248445536
a, —57%%%4006
a, 255%/4006

[0280] Table 6 lists the various coefficient values for the
filter circuitry arrangement of FIG. 29E:

TABLE 6
Block Coeflicient Value
Notch boy %]
by —B79%31072
byy 173
ag ~(15631024)* (1916 )
1-k e
Biquad 1 by Va2
b, 321065536
b, 199565536
a, —27865043
a, 10955048
Biquad 2 by 173
b, —B6208/45536
b, 5974465536
a, —275%5048
a, 14035045
Biquad 3 by L8
b, 33ss36
b, 769%/gs536
a, —29565043
a, 125048

[0281] Finally, Table 7 lists the coefficient values for the
filter circuitry arrangement shown in FIG. 29F:

TABLE 7
Block Coeflicient Value
Notch boy %]
by, 98799131072
b,y %3
apy —(152%1024)*(1¥6
1-k %46
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TABLE 7-continued

Block Coeflicient Value
Biquad 1 by La2
b, 144345536
b, 193765536
a, —319%5043
a, 16605048
Biquad 2 by 18
b, —4640/5536
b, 73725536
a, —29%65048
a, 10835048
Biquad 3 by 173
b, = 750765536
b, 48064/65536
a, —31445048
a, 12465048
Biquad 4 by 173
b, —89920/65536
b, 61664765536
a, —319%85048
a, 1395048
Biquad 5§ by Va
b, —6640/65536
b, 14348 5536
a, —2950%048
a, 16835048

[0282] FIG. 30 illustrates various characteristics of an
8th-order filter circuitry arrangement, such as the filter
circuitry shown in FIG. 29E. The filter circuitry includes
three biquad sections and one notch section, thus providing
an 8th-order overall transfer function. FIG. 30A depicts a
pole-zero map in the z-plane. The pole-zero map includes
eight zeros, grouped as zero pairs 3003A-3003B, 3006A-
3006B, 3009A-3009B, and 3012A-3012B. The pole-zero
map also shows eight poles, grouped as pole pairs 3015A-
3015B, 3018A-3018B, 3021A-3021B, 3024A-3024B. The
paired zeros and poles indicate that the filter circuitry has a
real transfer function.

[0283] FIG. 30B illustrates a single-sided magnitude
response (ie., symmetrical around zero frequency, or DC) of
the 8th-order filter circuitry. FIG. 30B includes four plots,
each corresponding to the cumulative input-output magni-
tude response of the blocks in FIG. 29E. In other words,
plots 3030A, 3030B, 3030C, and 3030D provide the mag-
nitude responses between the input to the notch section and
the outputs of the notch section, the first biquad section, the
second biquad section, and the third biquad section, respec-
tively, of the embodiment shown in FIG. 29E. Hence, plot
3030D corresponds to the transfer function from the input of
the notch section to the output of the last biquad section. As
plot 3030D shows, the filter circuitry provides a low-pass
transfer function. Furthermore, the notch section provides a
notch at 100 kHz.

[0284] Note that the circuit arrangements in FIG. 29
contemplate a real filter circuitry for the in-phase signal-path
and a real filter circuitry for the quadrature signal-path.
Consequently, the overall filter circuitry constitutes a real
filter that has symmetrical characteristics (around DC or
zero frequency) in the frequency domain.

[0285] FIG. 30C shows the group delay response of the
8th-order filter circuitry. FIG. 30C includes four plots, each
corresponding to the cumulative group delay of the blocks in
FIG. 29E. Thus, plots 3040A, 3040B, 3040C, and 3040D
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provide the group delay responses between the input to the
notch section and the outputs of the notch section, the first
biquad section, the second biquad section, and the third
biquad section, respectively, of the embodiment shown in
FIG. 29E. Accordingly, plot 3040D corresponds to the
group delay from the input of the notch section to the output
of the last biquad section.

[0286] One may use different bit precisions for the digital
signals in various embodiments of the invention, as desired.
In one exemplary embodiment of the invention, the IF L.O
in-phase signal 1718 and the IF LO quadrature signal 1721
each contain 18 bits, and the output signals of the multiplier
circuitries 1903, 1906, 1909, and 1912 each include 18 bits.
The output signals 1730A-1730B of the digital down-con-
verter circuitry 427 each have 19 bits of resolution. The
secondary filter circuitry 1710A-1710B (IIR-type filters) use
26-bit state variables and have 26-bit output signals 1740A-
1740B, and the PGA circuitries 836A-836B have 10-bit
output signals 869, 872. Furthermore, the CIC circuitries
1705A-1705B use 6th-order integrator and differentiator
chain sections, as shown in FIG. 25. The integrator chain
section uses different bit precisions for each of the integrator
circuitries within the chain. Table 8 below describes the bit
precisions for the loop signal and the output signal of each
of the six integrator circuitries:

TABLE 8

Integrator No. Loop Signal Output Signal

1 43 bits 39 bits
2 39 bits 35 bits
3 35 bits 31 bits
4 31 bits 27 bits
5 27 bits 23 bits
6 23 bits 18 bits

[0287] The differentiator circuitries in the differentiator
chain section use 18-bit signals and has 18-bit output signals
(ie., the CIC circuitries 1705A-1705B have 18-bit output
signals 1735A-1735B).

[0288] Note, however, that, rather than using the above bit
precisions, one may use other number of bits to provide
signals with various resolutions, as desired, by making
modifications that persons of ordinary skill in the art would
understand. Furthermore, generally, the signals in exemplary
embodiments of the invention use two’s complement signed
number notation. One, however, may use other number
representation formats, as desired, by making modifications
that artisans who read the description of the invention will
understand.

[0289] The notch filter circuitry within the digital filter
circuitry 437 operates to remove residual DC offsets from
the signal of interest. As noted above, the removal of the
residual DC offsets according to the invention operates in the
presence of interference signals (e.g., interferers and block-
ers) and the desired signal. Because of circuit non-idealities
and non-ideal circuit behavior, DC offsets appear within, and
at the outputs of, the receiver analog circuitry. The receiver
analog circuitry includes DC offset reduction or cancellation
circuitry, as described in co-pending, commonly owned
patent application Ser. No. , Attorney Docket No.
SILA:098, titled “DC Offset Reduction in Radio-Frequency
Apparatus and Associated Methods.” Some residual DC
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offsets, however, may appear at the outputs of the receiver
analog circuitry and therefore enter the receiver digital
circuitry. The signal processing in the receiver digital cir-
cuitry, for example, as shown in FIG. 17, translates or shifts
the DC offsets to a frequency of —100 kHz. The notch filter
provides a notch at =100 kHz, thus removing any residual
DC offsets, as described below in detail.

[0290] Because RF apparatus according to the invention
use a relatively low IF frequency (100 kHz in exemplary
embodiments), the low-pass filtering by the low-pass sec-
tions of the digital filter circuitry (i.e., the circuitry besides
the notch filter circuitry) by themselves would not easily
remove the DC offsets. A low-pass filter circuitry for remov-
ing the residual DC offset would typically have a high order,
require more signal processing (thus, more hardware or
longer processing time, and/or higher power consumption),
and have long transient-response characteristics. A long
transient-response characteristic would lead to the receiver
digital circuitry having to power up long before the begin-
ning of the reception of a burst of data.

[0291] The notch filter circuitry in exemplary embodi-
ments constitutes a 2nd-order filter that provides a relatively
narrow and relatively deep notch at =100 kHz. The notch
filter circuitry removes the —100 kHz signal, thus canceling
or reducing the effects of any residual DC offsets that enter
the receiver digital circuitry. Moreover, the notch filter
circuitry can adjust the location of its poles, which tends to
reduce its settling time. The reduced settling time allows the
receiver digital circuitry to power up at a later time during
the reception phase. Delaying the powering up of the
receiver digital circuitry helps to save power in portable or
battery-operated applications. The reduced settling time also
provides more time for the transmit and receive operations
and, thus, higher data transfer rates (for example, when
using GPRS techniques).

[0292] The notch filter circuitry removes a tone at —100
kHz, which results from the operation of the digital down-
converter circuitry 427. FIGS. 31-35 show the waveforms
corresponding to the frequency spectrum of signals at vari-
ous points in the receiver digital circuitry in exemplary
embodiments of the invention, for example, as shown in
FIG. 17. FIG. 31 illustrates a spectrum of input signals (i.e.,
in-phase and quadrature signals) of the receiver digital
circuitry. The residual DC offset 3103 appears at DC, or zero
frequency. The signal band of interest 3106, centered at the
IF frequency, appears to the right of the residual DC offset
3103. Noise and interference spectra 3109 fall below DC
and to the right of the signal band of interest 3106. The
sampling frequency, fs, is 13 MHz, with a Nyquist rate of
13/2 MHz, or 6.5 MHz.

[0293] FIG. 32 depicts the spectrum of the output signals
of the digital down-converter circuitry 427. Because of the
mixing with the IF 1O signals 1718 and 1721 in the digital
down-converter circuitry 427, the tone corresponding to the
residual DC offset 3103 shifts to —100 kHz. Also because of
the mixing within the digital down-converter circuitry 427,
the signal band of interest 3106 falls within the band from
—f1r to fip, and centers around DC. The noise and interfer-
ence spectra 3019 occupy the region below —f and above

S
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[0294] FIG. 33 shows the frequency spectrum of the
output signal of the CIC circuitry, such as CIC circuitries
1705A-1705B in FIG. 17. Note that the decimator circuitry,
such as decimator circuitry 2509 in FIG. 25, reduces the
sampling frequency from f; to f'; (from 13 MHz to 812.5
kHz in exemplary embodiments). Accordingly, the Nyquist
rate reduces from f/2 to f,'/2. The residual DC offset 3103
still results in a —=100 kHz tone, and the signal band of
interest 3106 occupies the region between —fin to fip,
centered around DC. The CIC filter circuitry reduces the
amplitude of the noise and interference spectra 3109, which
occupy the region below —fir and above fig.

[0295] FIG. 34 shows the spectrum of the signals at the
output of the notch filter circuitry. The notch filter circuitry
has removed the residual DC offset, thus leaving the signal
band of interest 3106 in the region between —f; and fip.
Note that the noise and interference spectra 3109, which
occupy the region below fi and above f ., remain. FIG. 35
shows the spectrum of the signals at the output of the final
biquad section of the IIR filter circuitry, for example, one of
the final biquad sections in FIGS. 29D-F. Note that com-
pared to FIG. 33, the biquad sections of the IIR filter
circuitry have attenuated the noise and interference spectra
3109. The signal band of interest 3106, which occupies the
range between fi and fy, remains.

[0296] The plots presented in FIGS. 31-35 correspond to
a receiver digital circuitry (e.g., the architecture shown in
FIG. 17) that first down-converts the input signal to the
receiver digital circuitry and then uses a notch filter circuitry
to remove the tone corresponding to the residual DC offset.
One, however, may reverse the order of those operations by
using a notch filter circuitry to remove the residual offset at
DC before the mixing operation of the digital down-con-
verter circuitry 427. One may use such a signal-flow archi-
tecture with a receiver digital circuitry as shown in FIG. 18,
as desired.

[0297] The notch filter circuitry in exemplary embodi-
ments constitutes a real filter, and therefore has notches at
both -100 kHz and +100 kHz, but the residual DC offset
translates to a tone at =100 kHz. One may use a complex
filter (e.g., a filter that has a notch at =100 kHz), as desired.
The choice of the type of filter depends on design and
performance considerations, as persons of ordinary skill in
the art would understand. In general, however, real filters
tend to be easier and simpler to implement than complex
filters.

[0298] FIGS. 36 and 37 show, respectively, the charac-
teristics of a real notch filter circuitry and a complex notch
filter circuitry for use in RF apparatus according to the
invention. FIG. 36A illustrates a typical pole-zero diagram
for a 2nd-order real notch filter circuitry. The pole-zero
diagram includes two zeros and two poles. The zeros reside
on the unit circle. The poles fall inside the unit circle to
ensure stability of the filter. The relative closeness of the
poles to the unit circle tends to affect the settling time of the
notch filter circuitry. FIG. 36B provides a frequency
response diagram for the notch filter circuitry of FIG. 36A.
The notch filter circuitry has two notches, one at —f ., and
another at fiz. The notch filter circuitry substantially trans-
mits signals in the frequency band between —fp. and fii as
well as frequencies outside that range, while substantially
attenuating tones at the notch frequency.
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[0299] FIG. 37A depicts a typical pole-zero diagram for a
complex notch filter circuitry. The pole-zero diagram
includes a single zero 3705 and a single pole 3710, rather
than the complex-conjugate poles of the real notch filter
circuitry of FIG. 36. The zero 3705 resides on the unit circle.
The pole 3710 resides inside the unit circle. The location of
the pole 3710 within the unit circle tends to affect the settling
time of the notch filter circuitry. The zero 3705 has a location
given by:

[0300] The pole 3710 has a location given by:

_jor JIE

Zzero = €@ 5,
_jor dIE
Zpole * @@ 5,

[0301] where a is a function of k. The angle 8, which
denotes the angle between the locations of zero 3705 and
pole 3710 and the real axis, has the value:

fir
0= -2m—.

Is

[0302] Note that the zero 3705 resides on the unit circle.
Furthermore, note that the location of the pole 3710 depends
on the value of k (1-k constitutes one of the coefficients of
the notch filter circuitry, as FIGS. 27 and 28 show). The
location of the pole 3710 controls the width of the notch.

[0303] FIG. 37B provides a frequency response diagram
for the notch filter circuitry of FIG. 37A. The notch filter
circuitry has a single notch at —f . The notch filter circuitry
substantially transmits signals in the frequency bands below
and above —fp.

[0304] One may use a number of different topologies and
architectures for the notch filter circuitry. FIG. 38 shows one
example of an alternative notch filter circuitry 3800. The
notch filter circuitry 3800 constitutes a complex notch filter
realized by means of a complex band-pass filter circuitry
arranged within a feedback loop. All signals within the notch
filter circuitry 3800 are complex signals. The notch filter
circuitry 3800 includes combiner circuitry 3803, gain cir-
cuitry 3806, delay circuitry 3809, combiner circuitry 3812,
and gain circuitry 3815.

[0305] Gain circuitry 3815, having a gain value of k,
scales the output signal of the notch filter circuitry to provide
a scaled output signal. The scaled output signal constitutes
one operand for combiner circuitry 3812. Combiner cir-
cuitry 3812 provides an output signal to delay circuitry
3809. The output of delay circuitry 3809 feeds an input of
gain circuitry 3806. An output of gain circuitry 3806 con-
stitutes another operand for combiner circuitry 3812. Gain
circuitry 3806 provides a gain of e

_pr JIE
e 5
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[0306] The output of delay circuitry 3809 also serves as
one operand for combiner circuitry 3803. The input signal of
the notch filter circuitry provides a second operand for
combiner circuitry 3803. Combiner circuitry 3803 subtracts
the output of delay circuitry 3809 from the input signal and
provides the result as the output signal of the notch filter
circuitry.

[0307] As noted above, one may adjust or modify the
characteristics of the notch filter circuitry by, among other
things, adjusting the location of its poles. More particularly,
adjusting the location of the poles of the notch filter circuitry
affects the width of the notch and the settling time of the
notch filter circuitry. Ideally, one would use a notch filter
circuitry that has both a relatively narrow notch and a
relatively fast settling time. The width of the notch and the
settling speed of the notch filter circuitry, however, have an
inverse relationship. Put another way, placing the poles so as
to decrease the width of the notch increases the settling time
of the notch filter circuitry, and vice-versa.

[0308] Notch filter circuitry in exemplary embodiments of
the invention include provisions for adjusting the width of
the notch (also called “gear-shifting”) and, hence, the set-
tling time of the notch filter circuitry. Although exemplary
embodiments of the invention use adjustable notch filter
circuitries, depending on performance and design consider-
ations, one may use notch filter circuitries with fixed pole
locations, as desired. The adjustment feature of the notch
filter circuitry, however, provides a notch with a program-
mable or adjustable width and settling speed. The adjust-
ment feature also helps the notch filter circuitry to perform
its function of canceling or reducing the residual DC offset
in the presence of the desired signal, interference, blockers,
sweeping interference (for example, resulting from settling
operation of the local oscillator circuitry), sweeping block-
ers, and quantization noise, while maintaining a relatively
fast acquisition. By adjusting the width of the notch, notch
filter circuitries in exemplary embodiments of the invention
provide a trade-off between noise immunity and acquisition
speed and accuracy.

[0309] In exemplary embodiments, the notch filter cir-
cuitry has an adjustment cycle during which the location of
the poles of the filter circuitry vary. In the beginning of the
adjustment cycle, the poles reside relatively close to the
origin of the z-plane, thus providing a relatively art wide
notch, but a relatively fast settling time. Subsequently in the
adjustment cycle, the poles of the notch filter circuitry move
progressively away from the origin of the z-plane. The
movement of the poles progressively decreases the width of
the notch to a relatively narrow notch and less distortion to
the in-band signal. At the end of the adjustment cycle, the
notch stays relatively narrow.

[0310] Inexemplary embodiment, the adjustment cycle of
the notch filter circuitry ends before the reception of a data
burst by the receiver digital circuitry begins. Note, however,
that more generally the adjustment cycle of the notch filter
circuitry may not end before the reception of a data burst
begins. The adjustment of the width of the notch occurs by
modifying the values of k (1-k constitutes one of the
coefficients of the notch filter circuitry), In exemplary
embodiments, the time instances when the value of k
changes are programmable (e.g., through instructions from
the baseband processor circuitry). A relatively large initial
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value of k provides faster acquisition of the DC offset, albeit
with more susceptibility to noise, interference, blockers, and
quantization noise. Relatively smaller subsequent values of
k provide more noise-resistant, more accurate acquisitions
of the DC offset.

[0311] FIG. 39 illustrates the adjustment of the poles of
the notch filter circuitry, such as the embodiment shown in
FIG. 27, as a function of k. FIG. 39 represents a pole-zero
diagram on a z-plane for an adjustable notch filer circuitry
in exemplary embodiments of the invention. The notch filter
circuitry has two zeros 3903A and 3903B, as well as a pole
pair 3906 A and 3906B. During the adjustment process, the
value of k decreases as a function of time, thus causing the
location of the poles 3906A-3906B to change.

[0312] Initially, the pole pair 3906A-3906B resides rela-
tively close to the origin of the unit circle. The initial
location of the pole pair 3906A-3906B corresponds to k=Y.
As the value of k decreases, pole pair 3906A-3906B moves
toward the periphery of the unit circle. In other words, the
pole pair 3906A-3906B moves to locations denoted by
3906A1 and 3906B1 as k decreases from % to 5. A further
decrease in the value of k from ¥4 to %16 causes the pole pair
3906A-3906B to migrate to locations 3906A2 and 3906B2.

[0313] As noted above, in explemary embodiments, the
times at which the value of k changes are also adjustable.
The time instances, however, have default values in those
embodiments of the invention. Table 9 below provides the
default times and the corresponding values of k:

TABLE 9
Time (us) k
0 Va
60 8
80 Ye
>80 Yie

[0314] For time values of time larger than about 80 us until
the end of the operation cycle of the notch filter circuitry, the
value of k remains at %e.

[0315] FIG. 40 depicts a timeline for the adjustment of the
notch filter circuitry with respect to several other events
within RF apparatus according to the invention. In prepa-
ration for the commencement of a data reception burst, the
local oscillator circuitry powers up and begins to settle. In
FIG. 40, the local oscillator circuitry powers up at t=t,. At
t=t,, DC offset cancellation or reduction begins in the
receiver analog circuitry. DC offset cancellation or reduction
in the receiver analog circuitry uses an adjustment technique
similar to the adjustment of the notch filter circuitry, as
described in detail in patent application Ser. No.
Attorney Docket No. SILA:098, titled “DC Offset Reductlon
in Radio-Frequency Apparatus and Associated Methods,”
referenced above.

[0316] Subsequently, at t=t,, adjustment of the notch filter
circuitry starts with an initial value of k=Y. As part of the
adjustment process, the value of k changes to s and b/1;16
at t=t; and t=t,, respectively. At t=ts, the local oscillator
circuitry has settled and the data reception burst starts. Also
at t=ts, the secondary filter circuitry begins to settle. Finally,
at t=t,, output data becomes available to the DAC circuitries
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and, subsequently, to the baseband processor circuitry. Note
that, rather than providing final output data, one may output
intermediate data (i.e., data available before the secondary
filter circuitry settles) to the DAC circuitries and the base-
band processor circuitry, as desired.

[0317] The description of the invention refers to providing
a notch at minus the intermediate frequency, or —100 kHz in
exemplary embodiments of the invention. Note that that
discussion applies to a receiver digital circuitry that has an
architecture similar to the architectures in FIGS. 17A-17B.
If one uses an architecture that performs the digital filtering
operations (including the notch filtering operation) before
the digital down-conversion operation, however, the notch
filter circuitry should provide a notch at a correspondingly
different frequency. For example, if one chooses to use the
alternative architectures shown in FIGS. 18 A-18B, the notch
filter circuitry should provide a notch at zero frequency, or
DC. Because in the alternative architectures in FIG. 18A-
18B the notch filter circuitry operates on signals that the
digital down-converter circuitry 427 has not yet shifted, the
notch filter provides the notch at zero frequency.

[0318] Referring to FIGS. 17-29 and 38, the various
blocks shown in those figures depict mainly the conceptual
functions and signal flow. The actual circuit implementation
may or may not contain separately identifiable hardware for
the various functional blocks. For example, one may com-
bine the functionality of various blocks into one circuit
block, as desired. Furthermore, one may realize the func-
tionality of a single block in several circuit blocks, as
desired. The choice of circuit implementation depends on
various factors, such as particular design and specifications
for a given implementation, as persons of ordinary skill in
the art who read the disclosure of the invention will under-
stand.

[0319] Note that one may use the inventive digital archi-
tecture and DC offset reduction apparatus and methods in a
variety of RF apparatus, such as those described above with
respect to partitioning and digital interface concepts, by
making modification within the knowledge of persons of
ordinary skill in the art who read the description of the
invention. Further modifications and alternative embodi-
ments of the invention will be apparent to persons skilled in
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the art who read this description of the invention. Accord-
ingly, this description teaches those skilled in the art the
manner of carrying out the invention and are to be construed
as illustrative only.

[0320] The forms of the invention shown and described
should be taken as the presently preferred embodiments.
Persons skilled in the art may make various changes in the
shape, size and arrangement of parts without departing from
the scope of the invention described in this document. For
example, persons skilled in the art may substitute equivalent
elements for the elements illustrated and described here.
Moreover, persons skilled in the art who have the benefit of
this description of the invention may use certain features of
the invention independently of the use of other features,
without departing from the scope of the invention.

We claim:
1. A receiver digital circuitry, comprising:

digital down-converter circuitry configured to mix a digi-
tal input signal provided by a receiver analog circuitry
with a digital intermediate frequency (IF) local oscil-
lator signal to generate a digital down-converted signal;
and

digital filter circuitry configured to filter the digital down-
converted signal to generate a filtered digital signal,

wherein the digital filter circuitry provides a notch at a
frequency that corresponds to a residual DC offset of
the receiver analog circuitry.

2. A radio-frequency (RF) apparatus, comprising:

a first circuit partition, comprising receiver analog cir-
cuitry configured to produce a digital receive signal
from an analog radio-frequency signal; and

a second circuit partition, comprising receiver digital
circuitry configured to accept the digital receive signal,
wherein the first and second circuit partitions are par-
titioned so that interference effects between the first
circuit partition and the second circuit partition tend to
be reduced.



