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(57) ABSTRACT

Ultra-Wideband (UWB) technology exploits modulated
coded impulses over a wide frequency spectrum with very
low power over a short distance for digital data transmission.
Today’s leading edge modulated sinusoidal wave wireless
communication standards and systems achieve power effi-
ciencies of 50 nl/bit employing narrowband signaling
schemes and traditional RF transceiver architectures. How-
ever, such designs severely limit the achievable energy
efficiency, especially at lower data rates such as below 1
Mbps. Further, it is important that peak power consumption
is supportable by common battery or energy harvesting
technologies and long term power consumption neither leads
to limited battery lifetimes or an inability for alternate
energy sources to sustain them. Accordingly, it would be
beneficial for next generation applications to exploit inven-
tive transceiver structures and communication schemes in
order to achieve the sub nl] per bit energy efficiencies
required by next generation applications.

1790
Vi
Bpetrumy Y
369//’] 340 s 1] Contig &zi Foraitiog
\i“’ﬁ\(J W n“ 320 1750
K
Pk i T TR GHy 350 {;’.%;ffa{&&
? 1370 ; T terfans feodeotd Ol
;Y | L 1330 1760 b
; : 820 30 84
: Sy 4% 1hd s 1770
YT Conrollar
N o 1740 By
| ~ W, : N Proceseng
| w . A Pt [ pepe 1780
900 S et 32 %{’}%z Vinkatp A
} 1700
1720 0GU0 jedwind Barsigap] | Dociiiate
{1700 1500
SR ,
3838V b‘;ﬂ—




Patent Application Publication  Jun. 21, 2018 Sheet 1 of 18 US 2018/0175905 A1

100A 100C

105 MEMS

Microphone Flgur e A
110 Lung Capacity 115 GPS Sensor
120 Thermometer 125 Pulse Oximeter

130 Muscle 135 3D Motion Sensor
145 Pedometer 140 Pressure Sensor
100D
150 Deep Brain 155 Cochlear
Neurostimulators ~ Implants
160 Cardiac
165 Gastric Defibrilators/
Stimulators Pacemakers
" 180 Portable

170 Insulin Data Recorder
Pump

100E 175 Foot Implants



Patent Application Publication

® §
WX
Surgical
Ward

Outpatient
Surgey

Jun. 21, 2018 Sheet 2 of 18

F ¥
fd
y 3
| Medical
Imaging

Patient Rooms

S, ]

=l

Stores

i. Records

-4

Pharmacy

Research

Physical

Plant &

Figure 1B

Services ; :

US 2018/0175905 A1




Patent Application Publication  Jun. 21, 2018 Sheet 3 of 18 US 2018/0175905 A1
gt 210 210 260A 260B 260C -
! $ 260
¢ ] % $ ¥ * ] +
: - ; :// 8 (/¢ S
e MRS ; Lo 3
Y i SV RTIE vV e
P )| N DIDIER L,
{ T T T v
7, ime L hf e
F ~ T 220 imw;"m ~~~~~~~~~~~~~~~~~~ 220
* ¢ '
 £4 ¥ ¥ 3 !
Masks — 30| | Maskif 280
7, Spectrum f /. f, Spectum
200A 200B
Figure 2A
i 1 i ! i G {
f , 1 L
razono | Yl ol
M 10{ - | Symbols
00K 2020 { Wm ﬂmm 200C
Sync Start Data
2030 2040 2050 .
{ 3 i |
J J J emcemavame _ Frame
~C A X0 = [ 200D
Start  Frames  Sleep Start Frames
2060, 200D , 2080 , 2060, 200D
J L] PPN Stream
”"""‘C,.m}" ““““““ ""'""‘Cm-}" 200E

Figure 2B



Patent Application Publication  Jun. 21, 2018 Sheet 4 of 18 US 2018/0175905 A1

Mutltiplexer

310

370

Pulse :{> .:;1‘\9.

Patiern

4 YYIUIRXY!

»  DLL
20 MHz
330 TData
300
Figure 3
e /DD 400
A
o L1 L23 c
RFp RFn
470 o0 430 =
INVA INV2
410 4 M1 M2 Ly, 420 —
— E
VCOp |> l N VCOn
440 ﬂﬂﬂﬂ et _ﬂmm 450
INV3 A v
— wde &5
PULSE I> r 43Ol
460 -

Figure 4



Patent Application Publication  Jun. 21, 2018 Sheet 5 of 18 US 2018/0175905 A1

560A 550A 5408 T, 540D
3 C 440
D*NV"* 51 SIWVETT NN T SIS veop
Ot > | >
PHASE v e = o
580 510 520 530 | VCOn
// \ s4 c3 450
5608 5508 540A 540C
Figure 5 AN 500

rL AND L

m— ‘ 650
DATA N1 N | PULSE

600
Figure 6



Patent Application Publication  Jun. 21, 2018 Sheet 6 of 18 US 2018/0175905 A1

............................................................................

2 25 50 75 100 125 150
Time [ns]

() g " . v . Ea m——
- - "fm R WG M W L) f0d e T W 2o «(‘(\f{"‘:&
: N ¥ : : © oty
: N : M N P
g - ) - . PO
.- v ,q§ - - -u .3
§7 " " DU D S S
L R AR R R "IN SRAPSINSISPINS. SNSRI AN § ool
e . p
<
£
X

L

fer s Fer o Braartr N r Ry

£

.
2 X

R N R R I W R

.........

€2 I I TEILLFICLD CIICFF LD €L LTI CHI P

€CEr 32 €1 e {3 e €15 Clpd

PN CLI O KV

Figure 8 Frequency [Hz]



Patent Application Publication  Jun. 21, 2018 Sheet 7 of 18 US 2018/0175905 A1

900
910 L INTT ADCT
AMP1 MIX1 VGA MIX2 f oanc ™
: Bt
S -
f oancf” !
. > |
? | ? | N2 ADC2 |
940 950 960 1600
Figure 9
——DD NlOOO
1070 .2
1030 1040
RE%/\/
OUTp - C2 OUTn
o 2D
1060A ] 1060B
VBIAS 4 12gVBIAS
o e, =
1050A 1050B

Figure 10



Patent Application Publication

Jun. 21, 2018

Sheet 8 of 18

US 2018/0175905 A1

INg

VBIAST
1130

1149

> o

INn

1210 1220

___________

.........

Figure 11

1223(1)1275(2)
N
[:gsrﬂ:r
(F i 3
Ve,
. L
g K
)

1275(N)

LR

Figure 12



Patent Application Publication

1310

Jun. 21, 2018 Sheet 9 of 18

US 2018/0175905 A1

1320

4 ,
... Interferer B \ 2nd conversion
:
UWB
== Spectrum == SpRClum
. 1300A  1300B
Figure 13
VBE{W&G 1 Y T T T
300, ............... —; ............ ................ Q ................. h RETERTRATER "

200

0
0 25 50 75 100 125 150
Time [ns]

Figure 14



Patent Application Publication  Jun. 21, 2018 Sheet 10 of 18  US 2018/0175905 A1l

Figure 15 | 1580

Divider |

E 1530 .
NV NV2 L uP VEO L nv3

: Phase Charge 1540 f\i 530 |
__Do‘ : Detector o Pump *\f\j ; CLK
~ ‘ DOWN :

| R1 1520 1525 o |
ATAL 1 1510 | ol
= 1570} . ;

’ : N

G1 i G2 !
= = 3

1640A CLK1 CLK2 16408 1600
,___E’}_Q{%;,l,@%(?él _______

Dopeeded £ mw
| m ADCH W
. , BR T amn Lo Dats
Figure 16A ~ L | Synole

N ane BN A %1 1630

! ADC2 1
:""ié’iéi%f"fé"z‘dﬁt"""l

1650A LR3I CLK4 1650B

Symbad } $

ADCTL W1 YO W2 X

Figure 16B




US 2018/0175905 A1

Jun. 21, 2018 Sheet 11 of 18

Patent Application Publication

AGEOE

L1 2In31]

%
0¢L] 00¢ 1 OlL1 1
MMMMWJ HOYHPORE defipueg pederel 0000 | OTLI
0041 S W i ]
1BIA A
45 :
OBLL et s
Srmesnnig ”
A ovL1} ”
el D e
SOLI LA A T A m
s P _
. 09L1 - m
Wy Kesgsl anmu Oce ] T 0LE |
G By PPy 0S¢ mumme . Ledd
0SL1 0T¢ »
Bupmanod 1l Buuen ~ X
At wnpsdg
R\
06L1



Patent Application Publication  Jun. 21, 2018 Sheet 12 of 18  US 2018/0175905 A1l

l User Fills Buffer ]

f User Initiates Transmission [

v

PLL Wakes Up

i Sms (assuming 20kHz reference clock)
v
Listen to Channel to Ensure it is Clear o
Sleep Mode (RX on for 100us)
fqr RX Nf)t Yes l l No
in Range” - -
Interval Send Request to Send Decode Address to see if
A »> {RTS) Packet this TRX is the Desired
{(TX on for lus, 20 bits) Receiver
No Yes
X N Y
Check if Timeout Timer Listen for RX Sleep Mode Sleep Mode
has Expired (RX Not in Acknowledge for “Chanael for “Channel
Raa}ge) (RX on for 10us) Busy” Busy”
‘ No Yes interval Interval
h4 |
ldle Mede
for 89ps | Start Data
Transmission

Figure 18

PLIL Wakes Up
Sms {assuming 20kHz reference clock)

v
Listen for Request to Send (RTS) Packet
(RX on for 100us)

iYes No l

Decode Address to see if this Steep for Polling Intervat
TRX is the Desired Receiver (Default: 994.9ms)
Yes No
. A
Send Sleep for Polling
Acknowledge Interval
Packet (Default: 994.9ms)
Figure 1 )
. lgure : 9 Receive

Data




Patent Application Publication  Jun. 21, 2018 Sheet 13 of 18  US 2018/0175905 A1l

Repeat this sequence until there is no more data left
User continuously reads data at 10Mbps

A B €
Tus 500us 499us
A: Preamble B: Payload C: Idle Mode
Duration: lps Duration: 500pus Duration: 499us
Consists of 20 bits Consists of 10000 bits 20MHz clock still active
Transmitter Pulsing Transmitter Pulsing Current: 10pA

Energy: 0.5n] / symbol Energy: 0.5n] / symbol

Figure 20A

Repeat this sequence until there is no more data left
User continuously reads data at 10Mbps

A I £33

A 4

tus 500us 949us
A: Preamble B: Payload C: 1dle Mode
Duration: {us Duration: 500us Duration: 949us
Consists of 20 bits Consists of 10000 bits 20MHz clock still active
Receiver is fully on Receiver is fully on Receiver front-end is
Current: 12mA Current: 12mA off for 498.9us

Current: 10pA

Figure 20B
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Repeat this sequence until there is no more data left
User continuously reads data at 1Mbps

A I £3
IS D ~

P e e

lus 50us 949us
A: Preamble B: Payload C: 1dle Mode
Duration: lys Duration: 50us Duration: 949us
Consists of 20 bits Consists of 1000 bits 20MHz clock still active
Transmitter Pulsing Transmitter Pulsing Current: 10p4A

Energy: 0.5nd / symbol Energy: 0.5n] / symbol

Figure 21A

Repeat this sequence until there is no more data left
User continuously reads data at I Mbps

A R Fal
Y D | %’

Tus S50us 949us
A: Preamble B: Payload C: Idle Mode
Duration: 1us Duration: 50us Duration: 949us
Consists of 20 bits Consists of 1000 bits 20MHz clock still active
Receiver is fully on Receiver is fully on Recetver front-end is
Current: 12mA Current: 12mA off for 948.9us

Carrent: 10uA

Figure 21B
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Repeat this sequence 100 times

A B €
Tus 50us 94%us

l—’ D E

895ms Sms W

Repeat this sequence until there is no more data left

A
v
A

A: Preamble B: Payload C: 1dle Mode
Duration: ius Duration: 50ps Duration: 949us
Consists of 20 bits Consists of 1000 bits  User Fills memory @ ~1.1Mbps
Transmitter Pulsing - Energy: 0.5n) / symbol Current: 10pA
D: Deep Sleep E: Wake-Up
Duration: 895ms Duration: Sms .
Receiver in Deep Sleep DC/DC & PLL Wake-Up F} gure 22 A
Current: 1gA Current: 10pA

Repeat this sequence 100 times Flgure 22B

A A

A B e -
fus S0us 9491
I—’ D E F
) 894.95ms T Sms SOus —]
Repeat this sequence until there is no more data left
A: Preamble B: Payload C: Idle Mode
Duration: 1ps Duration: 50us Duration: 949ps
Consists of 20 bits Consists of 1000 bits  User Fills memory @ ~1.1Mbps
Transmitter Pulsing - Energy: 0.5n) / symbol 20MHz clock still active
- " Receiver front end is off for 948.9us
Current: 10pA
D: Deep Sleep E: Wake-Up F: Wake-Up to Receive Packet
Duration: 895ms Duration: 5ims Duration: 50us
Receiver in Deep Sleep DC/DC & PLL Wake-Up Receiver is fully on

Current: TpA Current: 10us Current: 12mA
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Repeat this sequence until there is no more data left
User continuously reads data at 100kbps

A n Fal
X D <

A 4

A e

lps Sus 994us
A: Preamble B: Payload C: Idle Mode
Duration: 1us Duration: Sus Duration: 994us
Consists of 20 bits Consists of 100 bits 20MHz clock still active
Transmitter Pulsing Transmitter Pulsing Current: 10pA

Energy: 0.5n] / symbol Energy: 0.5n) / symbol

Figure 22C

Repeat this sequence until there is no more data left
User continuously reads data at 10Mbps

» A 12 L

Tus Sus 994us
A: Preamble B: Payload C: Idle Mode
Duration: lus Duration: Sus Duration: 994us
Consists of 20 bits Consists of 100 bits 20MHz clock still active
Receiver is fully on Receiver is fully on Receiver front-end is
Current: 12mA Current: 12ZmA off for 993.9us

Current: 10pA

Figure 22D
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Repeat this sequence 10 times

»—A B €
lus 50us 949%us

]——> D E

895ms Sms _‘I

Repeat this sequence until there is no more data left

A

A 4
A

A: Preamble B: Payload C: Idle Mode
Duration: 1ps Duration: 50us Duration: 949us
Consists of 20 bits Consists of 1000 bits  User Fills memory @ ~1.1Mbps
Transmitter Pulsing - Energy: 0.5n3 / symbol Current: 10pA
D: Deep Sleep E: Wake-Up
Duration: 895ms Duration: Sms .
Receiver in Deep Sleep DC/DC & PLL Wake-Up Flgure 23 A
Current: 1pA Current: 10pA

Figure 23B

Repeat this sequence 10 times

A B € -
1us 50us T 949us
|—> D E F
894.95ms Sms 50;187
Repeat this sequence until there is no more data left
A: Preamble B: Payload C: Idle Mode
Duration: lus Duration: 50gs Duration: 949ps
Consists of 20 bits Consists of 1000 bits  User Fills memory @ ~1.1Mbps
Transmitter Pulsing - Energy: 0.5n) / symbol 20MHz clock still active

Receiver front end is off for 948 9us
Current: 10pA

D: Deep Sleep E: Wake-Up F: Wake-Up to Receive Packet
Duration: 895ms Duration: S5ms Duration: 50us
Receiver in Deep Sleep DC/DC & PLL Wake-Up Receiver is fully on

Current: {pA Current; 10us Current: 12mA
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Repeat this sequence until there is no more data left
User continuously reads data at 10kbps

A B €
lps 500ns 998.5us
A: Preamble B: Payload C: Idle Mode
Duration: 1us Duration: 500ns Duration: 998.5us
Consists of 20 bits Consists of 10 bits 20MHz clock still active
Transmitter Pulsing Transmitter Pulsing Current: 10pA

Energy: 0.5n] / symbol Energy: 0.5n] / symbol

Figure 23C

Repeat this sequence until there is no more data left
User continuously reads data at 10kbps

» A I Fand
P " D p- %’

lus 500ns 998.5us
A: Preamble B: Payload C: Idle Mode
Duration: 1ps Duration: 500ns Duration: 998.5us
Consists of 20 bits Consists of 10 bits 20MHz clock still active
Receiver is fully on Receiver is fully on Receiver front-end is
Current: 12mA Current: 12mA off for 998 4us

Current: 10pA

Figure 23D
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SYSTEMS AND METHODS FOR
SPECTRALLY EFFICIENT AND ENERGY
EFFICIENT ULTRA-WIDEBAND IMPULSE
RADIOS AND SCALABLE DATA RATES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This patent application claims the benefit of prior-
ity as a 371 National Phase entry of PCT/CA2016/000,161
filed May 31, 2016 entitled “Systems and Methods for
Spectrally Efficient and Energy Efficient Ultra-Wideband
Impulse Radios with Scalable Data Rates” which itself
claims the benefit of priority from U.S. Provisional Patent
Application U.S. 62/169,066 filed Jun. 1, 2015 entitled
“Systems and Methods for Spectrally Efficient and Energy
Efficient Ultra-Wideband Impulse Radios with Scalable
Data Rates.”

FIELD OF THE INVENTION

[0002] This invention relates to ultra-wideband wireless
communications and more particularly to transmitters,
receivers, and transceivers with very low power consump-
tion in links with infrequent data transmission.

BACKGROUND OF THE INVENTION

[0003] Ultra-Wideband (UWB) technology is a wireless
technology for the transmission of digital data as modulated
coded impulses over a very wide frequency spectrum with
very low power over a short distance. Such pulse based
transmissions are an alternative to transmitting information
using a modulated sinusoidal wave, which is the technique
currently employed within today’s wireless communication
standards and systems such as IEEE 802.11 (Wi-Fi), IEEE
802.15 wireless personal area networks (PANs), IEEE 802.
16 (WiMAX), Universal Mobile Telecommunications Sys-
tem (UMTS), Global System for Mobile Communications
(GSM), General Packet Radio Service (GPRS), and those
accessing the Industrial, Scientific and Medical (ISM)
bands, and International Mobile Telecommunications-2000
(IMT-2000).

[0004] UWB was formerly known as “pulse radio”, but
the Federal Communications Commission (FCC) and the
International Telecommunication Union Radiocommunica-
tion Sector (ITU-R) currently define UWB in terms of a
transmission from an antenna for which the emitted signal
bandwidth exceeds the lesser of 500 MHz or 20% of the
center frequency. Thus, pulse-based systems where each
transmitted pulse occupies the full UWB bandwidth or an
aggregate of at least 500 MHz of narrow-band carriers; for
example, orthogonal frequency-division multiplexing
(OFDM) can gain access to the UWB spectrum under the
rules. Pulse repetition rates may be either low or very high.
Pulse-based UWB radars and imaging systems tend to use
low to moderate repetition rates (typically in the range of 1
to 100 megapulses per second). On the other hand, commu-
nications systems favor high repetition rates (typically in the
range of one to two gigapulses per second), thus enabling
short-range gigabit-per-second communications systems. As
each pulse in a pulse-based UWB system occupies a large
bandwidth, possibly even the entire UWB bandwidth, such
systems are relatively immune to multipath fading but not
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intersymbol interference, unlike carrier modulation based
systems which are subject to both deep fading and inters-
ymbol interference (ISI).

[0005] Pulse based wireless communication has come a
long way since being first allowed by the Federal Commu-
nication Commission (FCC). Able to offer both high data
rates and very energy efficient transmissions over short
ranges, multiple techniques have been developed for ultra-
wideband (UWB) communication including multi-band
orthogonal frequency division multiplexing (MB-OFDM),
impulse radio (IR-UWB) and frequency modulation (FM-
UWB) each with its specific strengths. The potential for very
low power communications and precise ranging has seen the
inclusion of UWB radios in multiple standards aimed for
different applications such as low-rate wireless personal area
networks (WPAN) with IEEE 802.15.4a and more recently
wireless body area networks (WBAN) with IEEE 802.15.6.

[0006] When considering many applications, such as wire-
less sensor networks and portable electronics, UWB trans-
ceivers should ideally be functionally highly integrated for
small footprint, support low cost and high volume manu-
facturing, and be energy efficient in order to run on a limited
power source, e.g. a battery, indoor solar cell, small outdoor
solar cell, or those developed upon evolving technologies
such as thermal gradients, fluid flow, small fuel cells,
piezoelectric energy harvesters, micro-machined batteries,
and power over optical fiber. UWB has been considered for
a long time a promising technology for these applications.
By using discrete pulses as modulation, it is possible to
implement efficient duty cycling schemes while the trans-
mitter is not active, which can be further improved by using
an On-Off Shift Keying (OOK) modulation. Further, some
UWB operation frequencies, between 3.1 GHz and 10.6
GHz for example as approved by FCC for indoor UWB
communication systems, see for example “First Report and
Order in the Matter of Revision of Part 15 of the Commis-
sion’s Rules Regarding Ultra-Wideband Transmission Sys-
tems” (FCC, ET-Docket 98-153, FCC 02-48), allow for
small antennas which can easily be integrated into overall
reduced footprint solutions such as sensors, mobile devices
or portable electronics etc.

[0007] To date the primary applications for UWB net-
works have been high data rate personal area and local area
networks (PANs/[LANs) to exploit the increased data rates
achievable over distances on the order of 50 meters. As such
UWB (IEEE 802.15.3) sits within a set of wireless protocols
including IEEE 802.15.1 (Bluetooth), IEEE 802.15.4 (Zig-
Bee) and IEEE 802.11a/b/g (Wi-Fi) defining physical (PHY)
and media access control (MAC) layers of wireless com-
munications over ranges around 10-100 meters. In contrast
to the other wireless protocols UWB offers lower complex-
ity and cost, resistance to severe multipath interference and
jamming (which is of particular benefit within indoor envi-
ronments), a noise-like signal spectrum, and good time
domain resolution for location and tracking applications.
[0008] Within the prior art the primary focus of the
majority of wireless communications research has been
concerned with maximizing utilization of narrow frequency
spectrum, e.g. cellular wireless through GSM, EDGE, LTE,
4G etc., or maximizing link speeds, e.g. WiMAX (IEEE
802.16), Wi-Fi (IEEE 802.11n) etc. However, in a wide
range of applications such as wearable devices, wireless
location services, wireless sensor networks, etc. conven-
tional wireless protocols as well as PAN/LAN protocols
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such as IEEE 802.15.1 (Bluetooth), IEEE 802.15.4 (Zigbee),
and IEEE 802.11a/b/g (Wi-Fi) cannot meet the evolving
requirements for ultra-efficient wireless communications
and ultra-low power consumption particularly at the lower
data rates many of these applications operate at due to their
inherent architecture, communication layer or limited duty
cycling ability.

[0009] Whilst efficiencies with IEEE 802.15.1 (Bluetooth)
and IEEE 802.15.4 (Zigbee) on the order of approximately
50 n] per bit are possible and innovative designs are attempt-
ing to further lower this figure, the narrowband signaling
scheme used for communications in these systems and their
reliance on traditional RF transceiver architectures severely
limits the achievable energy efficiency, especially at lower
data rates such as below 1 Mbps. Further, it is important that
the peak power consumption not exceed that supportable by
common battery technologies or energy harvesting tech-
nologies nor long term power consumption be too high such
that battery lifetimes are very limited or alternate energy
sources such as solar cells cannot sustain them.

[0010] Accordingly, it would be beneficial to rethink the
entire transceiver structure and the communication scheme
employed in order to achieve the sub nJ per bit energy
efficiencies required by next generation applications.
[0011] Other aspects and features of the present invention
will become apparent to those ordinarily skilled in the art
upon review of the following description of specific embodi-
ments of the invention in conjunction with the accompany-
ing figures.

SUMMARY OF THE INVENTION

[0012] It is an object of the present invention to ultra-
wideband wireless communications and more particularly to
transmitters, receivers, and transceivers with very low power
consumption in links with infrequent data transmission.
[0013] Inaccordance with an embodiment of the invention
there is provided a method comprising:

[0014] establishing synchronization of at least one of a
transmitter and a receiver forming part of an electronic
device via dedicated synchronization hardware within the
electronic device which includes a dual clock timer sys-
tem, wherein

[0015] the dual clock time system provides ultra-low
power consumption during a sleep mode of the at least
one of the transmitter and the receiver.

[0016] Inaccordance with an embodiment of the invention

there is provided a transceiver comprising:

[0017] an integrated DC/DC converter; and
[0018] a duty cycled transceiver circuit, wherein
[0019] the transceiver supports at least one of fast circuit

start-up and fast circuit shut-down to achieve low power
consumption for data rate variations of at least one of 2
orders of magnitude, 3 orders of magnitude, 4 orders of
magnitude and greater than 4 orders of magnitude.

[0020] Inaccordance with an embodiment of the invention

there is provided a method comprising:

[0021] employing an impulse radio for at least one of
transmitting and receiving data over a wireless link;
wherein

[0022] each bit of data is encoded as a pulse bundle
comprising multiple pulses per bundle that have real-time
configurable parameters of at least one of phase, fre-
quency, amplitude and bandwidth.
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[0023] Inaccordance with an embodiment of the invention

there is provided a wireless receiver comprising:

[0024] an intermediate frequency (IF) chain that utilizes
an instantaneous bandwidth that is on the order of an
individual pulse bandwidth whilst the total spectrum
covers a much wider bandwidth by exploiting a pulse
bundle per bit; wherein

[0025] a pulse bundle comprises multiple pulses per
bundle that have real-time configurable parameters of at
least one of phase, frequency, and bandwidth.

[0026] Inaccordance with an embodiment of the invention

there is provided a receiver comprising:

[0027] an intermedia frequency (IF) receiver stage com-
prising at least two stages of down-conversion; and

[0028] at least one of a high pass and a band-pass filter
disposed between each pair of stages of the at least two
stages of down-conversion,

[0029] wherein the first stage of each pair of stages of the
at least two stages of down-conversion is a squaring stage
that translates that an input RF signal spectrum at its input
to an output RF signal spectrum that extends down to DC.

[0030] Inaccordance with an embodiment of the invention
there is provided a method comprising shaping Gaussian RF
pulses by applying pulses to a power amplifier and dynami-
cally adjusting the ground connection of the power amplifier
during each pulse according to a predetermined temporal
characteristic.

[0031] Inaccordance with an embodiment of the invention

there is provided an ultra-wide band transmitter supporting

aggressive power cycling (pulse-level cycling).

[0032] Inaccordance with an embodiment of the invention

there is provided an ultra-wide band transmitter comprising

a voltage controlled oscillator employing pre-charging of

nodes to at least one of enforce its start-up phase and to

control the polarity of the pulses from the voltage controlled
oscillator.

[0033] Inaccordance with an embodiment of the invention

there is provided a synchronization circuit comprising a pair

of parallel analog-to-digital convert/integrator structures,
wherein the synchronization circuit achieves at least one of
faster synchronization and enhanced interference detection.

[0034] Inaccordance with an embodiment of the invention

there is provided a baseband transceiver employing a mul-

tiphase clock.

[0035] Inaccordance with an embodiment of the invention

there is provided a receiver circuit comprising a double

squaring method for enhancing at least one of the energy
detection sensitivity and the noise rejection performance of

a receiver comprising the receiver circuit and generating a

rectified output signal.

[0036] Other aspects and features of the present invention

will become apparent to those ordinarily skilled in the art

upon review of the following description of specific embodi-
ments of the invention in conjunction with the accompany-
ing figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] Embodiments of the present invention will now be
described, by way of example only, with reference to the
attached Figures, wherein:

[0038] FIG. 1A depicts wearable technology supporting
biometric data acquisition and/or presentation exploiting
wireless communications according to embodiments of the
invention;
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[0039] FIG. 1B depicts examples of wireless technology
according to embodiments of the invention supporting home
automation and location services;

[0040] FIG. 2A depicts a single-pulse UWB protocol
according to the prior art together with a multi-pulse symbol
UWB protocol according to an embodiment of the inven-
tion;

[0041] FIG. 2B depicts symbol, frame, and stream struc-
tures for a multi-pulse symbol UWB protocol according to
an embodiment of the invention;

[0042] FIG. 3 depicts a transmitter circuit schematic for a
UWB transmitter/transceiver according to an embodiment
of the invention;

[0043] FIG. 4 depicts a ground-switch power amplifier
circuit schematic for a UWB transmitter/transceiver accord-
ing to an embodiment of the invention;

[0044] FIG. 5 depicts a digitally controlled oscillator
circuit schematic for a UWB transmitter/transceiver accord-
ing to an embodiment of the invention;

[0045] FIG. 6 depicts a pulse generator circuit schematic
for a UWB transmitter/transceiver according to an embodi-
ment of the invention;

[0046] FIG. 7 depicts transmitter output voltage for a
6-pulse bundle per bit implementation of a UWB protocol
and UWB transmitter/transceiver according to an embodi-
ment of the invention;

[0047] FIG. 8 depicts transmitter output spectrum with a
UWB protocol and UWB transmitter/transceiver according
to an embodiment of the invention;

[0048] FIG. 9 depicts a receiver circuit schematic for a
UWB receiver/transceiver according to an embodiment of
the invention;

[0049] FIG. 10 depicts a low noise amplifier circuit sche-
matic for a UWB receiver/transceiver according to an
embodiment of the invention;

[0050] FIG. 11 depicts a squaring mixer circuit schematic
for a UWB receiver/transceiver according to an embodiment
of the invention;

[0051] FIG. 12 depicts a variable gain amplifier circuit
schematic for a UWB receiver/transceiver according to an
embodiment of the invention;

[0052] FIG. 13 depicts a dual-conversion methodology for
a UWB receiver/transceiver according to an embodiment of
the invention;

[0053] FIG. 14 depicts a receiver baseband output signal
for a 6-pulse bundle per bit implementation of a UWB
protocol and UWB receiver/transceiver according to an
embodiment of the invention;

[0054] FIG. 15 depicts a clock generator circuit schematic
for a UWB transmitter/receiver/transceiver according to an
embodiment of the invention;

[0055] FIGS. 16A and 16B depict an integrator/analog-to-
digital synchronization circuit schematic for a UWB
receiver/transceiver according to an embodiment of the
invention;

[0056] FIG. 17 depicts a circuit schematic for a UWB
transceiver according to an embodiment of the invention;
[0057] FIGS. 18 and 19 depict transmitter and receiver
flow diagrams for a polling scheme within a UWB wireless
sensor network according to an embodiment of the inven-
tion;

[0058] FIGS. 20A and 20B depict a communications
scheme, timing, and current consumption for UWB trans-
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mitter and receiver according to an embodiment of the
invention operating at 10 Mbps;

[0059] FIGS. 21A and 21B depict a communications
scheme, timing, and current consumption for UWB trans-
mitter and receiver according to an embodiment of the
invention operating at 1 Mbps;

[0060] FIGS. 22A and 22B depict a first communications
scheme, timing, and current consumption for UWB trans-
mitter and receiver according to an embodiment of the
invention operating at 100 kbps;

[0061] FIGS. 22C and 22D depict a second communica-
tions scheme, timing, and current consumption for UWB
transmitter and receiver according to an embodiment of the
invention operating at 100 kbps;

[0062] FIGS. 23A and 23B depict a first communications
scheme, timing, and current consumption for UWB trans-
mitter and receiver according to an embodiment of the
invention operating at 10 kbps; and

[0063] FIGS. 23C and 23D depict a second communica-
tions scheme, timing, and current consumption for UWB
transmitter and receiver according to an embodiment of the
invention operating at 10 kbps.

DETAILED DESCRIPTION

[0064] The present invention is directed to ultra-wideband
wireless communications and more particularly to transmit-
ters, receivers, and transceivers with very low power con-
sumption in links with infrequent data transmission.
[0065] The ensuing description provides exemplary
embodiment(s) only, and is not intended to limit the scope,
applicability or configuration of the disclosure. Rather, the
ensuing description of the exemplary embodiment(s) will
provide those skilled in the art with an enabling description
for implementing an exemplary embodiment. It being under-
stood that various changes may be made in the function and
arrangement of elements without departing from the spirit
and scope as set forth in the appended claims.

[0066] “Ultra-wideband” (UWB) as used herein and
throughout this disclosure, refers to a radio communication
system transmitting from an antenna for which the emitted
signal bandwidth exceeds the lesser of 500 MHz or 20% of
the center frequency.

[0067] A “radio” as used herein and throughout this dis-
closure, refers to a physical implementation of a system that
can transmit and receive data wirelessly. This includes, but
is not limited to, radio frequency integrated circuits, printed
circuit board wireless modules.

[0068] An “impulse radio” as used herein and throughout
this disclosure, refers to a radio system utilizing impulse-
like signals for its transmission.

[0069] “Quasi low-IF” as used herein and through this
disclosure, refers to an Intermediate Frequency (IF) gener-
ated within a RF signal processor circuit, such as a receiver
for example, wherein signals within a first frequency range
are converted to signals within a second frequency range and
is used by the inventors to differentiate their inventive
approach over the prior art wherein such conversions with
different systems and methods are referred to as either
“zero-I1F”, wherein they employ a subsequent high pass filter
to remove a block of frequencies including DC from the
second frequency range, or “low-1F”, wherein the converted
second frequency range includes DC but a subsequent RF
circuit or RF element is AC coupled thereby removing a
block of frequencies including.
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[0070] A “portable electronic device” (PED) as used
herein and throughout this disclosure, refers to a wireless
device used for communications and other applications that
requires a battery or other independent form of energy for
power. This includes devices, but is not limited to, such as
a cellular telephone, smartphone, personal digital assistant
(PDA), portable computer, pager, portable multimedia
player, portable gaming console, laptop computer, tablet
computer, a sensor node, and an electronic reader.

[0071] A “fixed electronic device” (FED) as used herein
and throughout this disclosure, refers to a wireless and/or
wired device used for communications and other applica-
tions that requires connection to a fixed interface to obtain
power. This includes, but is not limited to, a laptop com-
puter, a personal computer, a computer server, a kiosk, a
gaming console, a digital set-top box, an analog set-top box,
an Internet enabled appliance, an Internet enabled television,
and a multimedia player.

[0072] A “user” as used herein may refer to, but is not
limited to, an individual or group of individuals whose
biometric data may be, but not limited to, monitored,
acquired, stored, transmitted, processed and analysed either
locally or remotely to the user wherein by their engagement
with a service provider, third party provider, enterprise,
social network, social media etc. via a dashboard, web
service, website, software plug-in, software application,
graphical user interface acquires, for example, electronic
content. This includes, but is not limited to, private indi-
viduals, employees of organizations and/or enterprises,
members of community organizations, members of charity
organizations, men, women, children, teenagers, and ani-
mals. In its broadest sense the user may further include, but
not be limited to, software systems, mechanical systems,
robotic systems, android systems, etc. that may be charac-
terised by data relating to a subset of conditions including,
but not limited to, their environment, medical condition,
biological condition, physiological condition, chemical con-
dition, ambient environment condition, position condition,
neurological condition, drug condition, and one or more
specific aspects of one or more of these said conditions.

[0073] A “wearable device” or “wearable sensor” relates
to miniature electronic devices that are worn by the user
including those under, within, with or on top of clothing and
are part of a broader general class of wearable technology
which includes “wearable computers” which in contrast are
directed to general or special purpose information technolo-
gies and media development. Such wearable devices and/or
wearable sensors may include, but not be limited to, smart-
phones, smart watches, e-textiles, smart shirts, activity
trackers, smart glasses, environmental sensors, medical sen-
sors, biological sensors, physiological sensors, chemical
sensors, ambient environment sensors, position sensors,
neurological sensors, drug delivery systems, medical testing
and diagnosis devices, and motion sensors.

[0074] A: Problem with Ultra-Wideband Impulse Radio

[0075] As noted supra a number of applications including
wearable devices, wireless location services, wireless sensor
networks, etc. require ultra-efficient wireless communica-
tions that are not possible to obtain with conventional
wireless radios exploiting conventional homodyne/hetero-
dyne carrier-based radios as a result of insufficient duty
cycling capability and complex hardware. As such these
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wireless radios cannot achieve the sub-nanojoule per bit
(nl/bit) energy efficiencies these applications seek or
demand.

[0076] The inventors build upon their previous concepts
established within World Intellectual Property Organization
application PCT/CA2015/000,007 entitled “Methods and
Systems Relating to Ultra-Wideband Broadcasting” filed
Jan. 7, 2015 in order to allow for such ultra-efficient radios
that leverage pulsed operation and signaling to generate a
spectrum with a uniform and dense energy distribution.
Accordingly, the inventors establish a novel circuit/system
architecture, a novel pulse bundle communication structure,
a novel fast and energy efficient synchronization scheme,
and novel approach to inherent rejection of interference
from existing services that allows for a spectrally and energy
efficient, robust, and multi data rate (i.e., versatile) radio.
[0077] Such novel radios are not only suitable for the
ultra-stringent energy requirement of the evolving digital
environment of wearable devices, ubiquitous computing,
biometrics, wireless sensor networks, structural health
monitoring, location services, object tracking etc. but are
also beneficially robust and agile in terms of operating
spectrum, range and data rate. As such novel radios accord-
ing to embodiments of the invention may be operated in a
license-free portion of the radio spectrum, allowing for easy
adoption of the technology for the aforementioned applica-
tions and thus forgoes the need for users to license spectrum
to support services.

[0078] Al: Impulse Radio Limitations and Novel Mitiga-
tion Solutions
[0079] The inventors have identified multiple problems

with impulse radio implementations on both the transmitter
and receiver sides of the wireless link. On the transmitter
side, an issue is that the emitted signal spectrum often
contains spectral peaks that reduce the efficiency of the
transmission. Additionally, a single pulse cannot effectively
and efficiently cover a wide UWB spectrum due to the power
required to create a single pulse which has both an optimized
spectrum and a bandwidth in the GHz range. Accordingly,
prior art impulse radios use static pulse patterns which can
limit the robustness, efficiency and versatility of the radio
with respect to spectrum shaping, enhanced detection, and
multiple data rate operation. Furthermore, the spectral mask
linked to UWB communications is very limiting with
respect to the spectrum that can be transmitted, thereby
further limiting the data rate or communications distance
possible with prior art impulse radios.

[0080] On the receiver side, synchronizing the impulse
radio receiver to the transmitter is difficult because of the
inherent low duty cycle of the pulses, especially if the power
efficiency promises of the technology are to be maintained.
Additionally, impulse radios operate in a region of RF
spectrum that is already occupied by multiple existing
narrowband services, so the receiver must be able to tolerate
the interference created by these pre-existing systems.
Importantly, in full system implementations, slow wakeup/
sleep times prevent achieving peak energy efficiency at
lower data rates. As such, these limitations of prior art
impulse radios reduce their efficiency and limit their versa-
tility not only against the potential of UWB impulse radio,
but what is made possible by the embodiments of the
invention described and discussed within this specification.
[0081] Many innovative circuit/system architectures and
methods related to the integrated circuit implemented as a
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prototype of the impulse radio UWB transceiver by the
inventors mitigate the limitations of traditional radios or
other impulse radios. These novel enhancements according
to embodiments of the invention are listed below and
provide for a robust real-time spectrally reconfigurable,
spectrally and energy efficient and multi data rate capable
impulse radio that fully harnesses the inherent benefits of
impulse signaling. The various elements and implementa-
tions with respect of embodiments of the invention and the
prototype UWB transceiver according to an embodiment of
the invention are described below with respect to the speci-
fication alone and in combination with the Figures.

[0082] The inventors therefore have established the fol-
lowing novel aspects of wireless UWDB transmitters/receiv-
ers/transceivers:

[0083] Al: Low Latency Transmitter/Receiver Synchro-
nization Method/Algorithm using dedicated synchronization
hardware, including a dual clock timer system for ultra-low
sleep mode power consumption. This allows for efficient
synchronization between transmitter (Tx) and receiver (Rx)
in order to maintain the extremely aggressive duty cycling of
the radios according to embodiments of the invention,
thereby maintaining the energy efficiency inherent to
impulse radio communications.

[0084] A2: Millisecond-Range Start-Up and Microsec-
ond-Range Idle Recovery wherein exploitation of a custom
integrated DC/DC converter and duty cycled transceiver
circuitry that enables fast (millisecond) circuit start-up from
sleep mode for optimal power consumption under low and
high data rates (e.g. 1 kbps up to 10 Mbps) as well as
microsecond recovery from an idle mode.

[0085] A3: Dynamic Pulse Bundle Spectrum Shaping
wherein the impulse radio exploits pulse bundles comprising
multiple pulses per bundle with real-time configurable
parameters, e.g. phase, frequency, and bandwidth, allowing
dynamic UWB spectrum filling in order to:

[0086] achieve robust communications in the presence
of channel and multipath fading;

[0087] allow for optimal spectrum shaping and whiten-
ing to dynamically meet indoor and outdoor UWB
standard requirements;

[0088] allow the radio to conform to the different radi-
ated power emission masks imposed by region/country
specific regulatory bodies;

[0089] allow for different pulse bundle schemes to
cover multiple data rates and range requirements;

[0090] allow for a very wide bandwidth without resort-
ing to ultra-narrow pulses that have very wide band-
widths, i.e. multi-GHz bandwidth spanning, thereby
simplifying the radio circuitry both in the transmitter
and receiver and increasing the radio’s energy effi-
ciency;

[0091] spread pulse energy over a practical time scale,
e.g. 10 s of nanoseconds, for receiver duty cycling and
synchronization while simultaneously occupying a
wide spectral bandwidth; and

[0092] reduce spectral sidelobes for easier compliance
with emission spectral masks.

[0093] A4: Receiver IF Chain Instantaneous and Pulse
Bandwidth Equalization wherein an instantaneous band-
width which is on the order of an individual pulse band-
width, e.g. 500 MHz, is utilized whilst the total spectrum
covers a much wider bandwidth (BW), e.g. 3 GHz-6 GHz
for a 3 GHz bandwidth, via the pulse bundle strategy. This
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allows for lower power consumption of the circuit blocks
after pulse down-conversion, while still allowing for an
ultra-wide bandwidth spectrum to be used for communica-
tions.

[0094] AS: Quasi Low-IF Architecture wherein an inter-
mediate frequency (IF) stage that operates with a quasi-low-
IF architecture is employed in order to circumvent DC offset
problem, reduce 1/f noise of the radio frequency (RF)
section, and reject typical narrowband interference, e.g.
signals with BW<50 MHz, in order to increase system
robustness and interference rejection. As part of this, self-
mixing of the RF signal is utilized to down-convert it to DC,
and high pass decoupling capacitors are specified to ensure
that an insignificant amount of the desired pulse energy is
cut-off during this process, while a significant amount of the
narrowband interferer energy is cut-off. This is coupled with
a second squaring stage after the IF stage so as to retain full
sensitivity. As the signal is not directly down-converted to
low-IF but high pass filtered to remove its DC content, this
architecture is labeled as “quasi low-1F”.

[0095] However, within other embodiments of the inven-
tion this IF filter which is high pass may also be a band pass
filter with appropriate characteristics. Either the band pass or
high pass IF filters may be implemented as a passive filter,
active filter, or another type such as an n-path filter for
example. If implemented with an n-path filter this has the
advantage of allowing for some electronic tuning of the
filter(s) and accordingly the n-path filter can create tunable
notches to remove blocking transmitter/signals (blockers).

[0096] A6: Gaussian Pulse Shaping accomplished by the
power amplifier via exploitation of its ground connection
thereby allowing a transmitter according to embodiments of
the invention to operate on digital glitches in its entirety,
allowing for an all-digital structure with negligible static
current consumption.

[0097] A7: Fully Digital Transmitter Architecture allow-
ing for very aggressive power cycling, for example at the
pulse-level.

[0098] AS: Parallelized ADC/Integrator Structure allow-
ing for faster synchronization and enhanced interference
detection. This structure allows for full signal observability
during the receive timeframe whilst also allowing for
dynamically changing modulation schemes, e.g. On-Off
Keying (OOK) and Pulse-Position Modulation (PPM) in
order to improve robustness of communications based on the
channel or regulatory environment.

[0099] A9: Multiphase Baseband Clock utilization within
a transceiver, for example, in order to reduce clock fre-
quency, e.g. 20 MHz instead of 200 MHz and enhance
power efficiency.

[0100] A10: Double-Squaring Signal Detection—Rejec-
tion for the enhancement of the energy detection sensitivity/
noise rejection in the receiver and the generation of a
rectified signal well-suited for simple integration. This
double squaring method takes advantage of the impulse
nature of the received signals in order to enhance detection,
effectively via non-linear processing of each impulse. One
squaring operation down-converts the pulse to the quasi
low-IF while a second squaring operation allows the use of
the entire down-converted pulse energy to increase the
probability of detection instead of solely employing the
detected amplitude/peak as performed within prior art
impulse radio receivers. As previously noted in AS, high-
pass filtering between the two squaring operations gives rise
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to DC offset mitigation, reduction of 1/f noise, and narrow-
band interference rejection of the quasi low-IF architecture
proposed.

[0101] Accordingly, embodiments of the invention pro-
vide for very high energy efficiency, in the range of <1
nl/bit) through a combination of circuit and system archi-
tectures and methods. The invention also allows maintaining
this energy efficiency over a wide range of data rates, which
is not possible within prior art radios. Such efficiency should
enable many solutions previously impossible or not well
serviced by conventional radios. For instance, longer battery
lifetime of wearables will be made possible. Beneficially,
applications of the inventors’ novel technology can also
impact wireless implantable biomedical applications where
power budgets are severely limited. Further, the robustness
of' impulse radios according to embodiments of the invention
to interference and fading through their pulse based opera-
tion and real-time spectrum agility can make it attractive for
applications such as the aerospace, automotive or military
sectors, structural health monitoring or home automation for
example.

[0102] A2: Exemplary Impulse Radio Applications
[0103] The increased efficiency of transmitter/receiver/
transceiver systems according to embodiments of the inven-
tion increases the feasibility of self-powered wireless sensor
networks that operate from energy harvested from the envi-
ronment such as solar, vibration, temperature etc., rather
than from batteries where available power is limited, espe-
cially in compact, small footprint sensors. The efficacy of a
UWB transceiver having a footprint of a few square milli-
meters is negated by requiring tens of square centimeters of
solar cell to power it. Embodiments of the invention have
been implemented by the inventors exploiting a submicron
CMOS transceiver design through a commercial foundry.
[0104] For example, considering FIG. 1A there are
depicted examples in first to third images 100A to 100C
examples of current wearable devices including, but not
limited to, smart watches, activity trackers, smart shirts,
pressure sensors, and blood glucose sensors that provide
biometric data relating to the user of said wearable device(s).
Within first image 100A examples of wearable devices are
depicted whilst within second image examples of smart
clothing are depicted. Third image 100C depicts an example
of a wearable device presenting information to a user in
contrast to the devices/clothing in first and second images
100A and 100B respectively that collect contextual, envi-
ronmental, and biometric data.

[0105] Smart clothing may be made from a smart fabric
and used to allow remote physiological monitoring of vari-
ous vital signs of the wearer such as heart rate, respiration
rate, temperature, activity, and posture for example or alter-
natively it refers to a conventional material with embedded
sensors. A smart shirt may, for example, record an electro-
cardiogram (ECGQG) and provide respiration through induc-
tance plethysmography, accelerometry, optical pulse oxim-
etry, galvanic skin response (GSR) for skin moisture
monitoring, and blood pressure. Information from such
wearable devices may be stored locally or with an associated
device, e.g. smartphone, as well as being stored remotely
within a personal server, remote cloud based storage, etc.
and communicate typically via a wireless network such as
Bluetooth, RF, WL AN, or cellular network although wired
interfaces may also be provided, e.g. to the user’s smart-
phone, laptop, or dedicated housing, allowing data extrac-
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tion as well as recharging batteries within the wearable
device. However, compact, non-intrusive, small volume
wearables generally require that the battery be small as in
many instances this component determines the wearable
volume when user interfaces are not required. Hence, mini-
mizing the battery whilst maximizing lifetime of the wear-
able before replacement of the battery, re-charging the
battery, or complete replacement of the wearable is of
significant benefit to the user and a marketing/commercial
lever for the wearable manufacturer.

[0106] Also depicted in FIG. 1A are fourth and fifth
images 100D and 100E respectively of sensors and elec-
tronic devices providing biometric data relating to a user.
For example, within fourth image 100D a user’s smart
clothing provides data from sensors including, but not
limited to, those providing acoustic environment informa-
tion via MEMS microphone 105, user breathing analysis
through lung capacity sensor 110, global positioning via
GPS sensor 115, their temperature and/or ambient tempera-
ture via thermometer 120, and blood oxygenation through
pulse oximeter 125. These are augmented by exertion data
acquired by muscle activity sensor 130, motion data via 3D
motion sensor (e.g. 3D accelerometer), user weight/carrying
data from pressure sensor 140 and walking/running data
from pedometer 145. These may be employed in isolation or
in conjunction with other data including, for example, data
acquired from medical devices associated with the user such
as depicted in fifth image 100E in FIG. 1A. As depicted
these medical devices may include, but are not limited to,
deep brain neurostimulators/implants 150, cochlear implant
155, cardiac defibrillator/pacemarker 160, gastric stimulator
165, insulin pump 175, and foot implants 180. Typically,
these devices will communicate to a body area aggregator,
e.g. smartphone or dedicated wearable computer. Accord-
ingly, it would be apparent that a user may have associated
with themselves one or more sensors, either through a
conscious decision, e.g. to wear a blood glucose sensor, an
unconscious decision, e.g. carrying an accelerometer within
their cellphone, or based upon an event, e.g. a pacemaker
fitted to address a heart issue. In the majority of these the
data transmission from a wearable device to a PED/FED is
generally low, e.g. periodic biometric data etc., although in
some instances such as smart glasses transmission/receipt of
continuous and/or larger volumes of data may be required.
Even continuous data acquisition such as heart monitoring,
for example, may be transmitted in burst mode as the
amount of data even for a minute is not large. However, if
the minimal burst payload is too large or wakeup/sleep times
are too long, true real-time information about the sensor
being wirelessly monitored will not be achievable without
sacrificing efficiency. Accordingly, a highly energy efficient
radio capable of maintaining sub nJ efficiency for multiple
data rates (i.e., in this example, very low data rates) such as
that enabled by the embodiment of this invention is highly
desirable.

[0107] Now referring to FIG. 1B there are depicted first
and second environments 100F and 100G respectively relat-
ing to examples of deployment scenarios for wireless
impulse radios according to embodiments of the invention
relating to enhancing residential automation and wireless
interconnect in first environment 100F or providing wireless
location services of people, equipment, medical supplies in
second environment 100G. Considering, first environment
100F then a series of deployment scenarios are depicted
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including Air Conditioning 1001, Energy Saving—FEffi-
ciency 1002, Surveillance 1003, Entertainment 1004, Timer
1005, Lighting 1006, Motor Control 1007, Environment
1008, Sprinkler 1009, Appliances 1010, and Security 1011.
In the majority of these the requirements for data transmis-
sion/receipt is again quite limited and aperiodic. Similarly,
in the second environment 100G depicting a simplistic
schematic of a hospital wireless based location services,
inventory tracking services etc. can range from tracking
patients to hospital equipment such as trolleys, diffusion
pumps, etc. through to medical device connectivity, such as
patient monitors, electrocardiograms (EKGs), etc. and medi-
cal consumables etc. Again data rates are typically low but
in addition there may be a large number of concurrently
operating devices within a small area where interference is
unacceptable.

[0108] B: Multi-Pulse Spectral Agility

[0109] The inventors have established a design method-
ology for impulse radio based on pulse bundles as indicated
in Section A3 which have multiple pulses per bundle with
real-time configurable parameters, phase, frequency, ampli-
tude, and bandwidth in order to dynamically fill the UWB
spectrum. UWB communications allow for transmission
using a wide frequency band provided that the spectral mask
of the appropriate regulatory body is adhered to. For
example, in the United States the allocated frequency band
is 3.1 GHz f 10.6 GHz, and the Federal Communication
Commission (FCC) dictates the spectral mask with respect
to maximum transmitted power in different sub-bands across
this allocated frequency band. This enables pulsed opera-
tion, which has the advantage of low power consumption,
since a transceiver can be duty-cycled to consume power
only when a pulse is to be transmitted or received. Since the
spectral mask allows for a fixed maximum power spectral
density for transmissions, it is advantageous to maximize the
occupied bandwidth in order to maximize the symbol energy
and extend the range achievable by a wireless link. How-
ever, using a single pulse for communication causes a
trade-off’ between the pulse bandwidth and the required
synchronization accuracy since an increase in pulse band-
width corresponds to a decrease in pulse duration, resulting
in a more challenging and potentially costlier circuit imple-
mentation with increased energy needed for synchroniza-
tion.

[0110] The inventors address this trade-off and remove it
through the conceptual step of applying multiple pulses with
different frequency spectrum to the generation of a bit.
Referring to FIG. 2A in first image 200A there are depicted
time and frequency domain schematics for a prior art
impulse radio wherein each bit 210 is a pulsed oscillation at
a single frequency such that the frequency spectrum is a
single peak 230 centered at f, within the frequency range
allowed by the regulatory authority UWB mask 220 and
below the maximum power within that frequency range. In
contrast as depicted in second image 200B, as is depicted in
FIG. 2B, exploits bits 260 which comprise a series of
sub-pulses 260A to 260C which are each at frequencies f;
f,; 1. Accordingly, the multi-pulse spectrum 280 of a
symbol (bit 260) is obtained conceptually (phase scrambling
is omitted for clarity) by summing the individual pulse
spectra of the sub-pulses 260A to 260C, which increases the
bandwidth while increasing the total symbol duration, in
contrast with the single-pulse prior art method, whilst main-
taining the maximum power below the UWB mask 220. This
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allows the symbol energy to be maximized while relaxing
the timing requirements and level of synchronization
required at the receiver. An arbitrary number of pulses with
different sets of parameters may be included within a bundle
to tailor the pulse spectrum to a given requirement.

[0111] In order to provide the most signal energy without
violating the emission mask, the phase of the pulses must be
randomized, i.e. the spectrum needs to be whitened to avoid
the generation of “spectral lines” generally found in periodic
signals, and the correlation between pulses has to be reduced
to ensure that the multi-pulse spectrum is the sum of the
individual pulse spectra. This can be performed by applying
a pseudo random noise (PRN) sequence to the phase modu-
lation in the power amplifier of the transmitter. Since the
receiver is not sensitive to the phase of the signal (due to its
non-coherent detection scheme, as will be described later),
no phase synchronization between transmitter and receiver
is required in order to achieve this.

[0112] The precise spectral shape of the transmitted signal
can be controlled by generating pulses with different fre-
quencies and durations in each symbol. The symbol or bit is
referred to as comprising a “pulse bundle” by the inventors.
The spectrum of the pulse bundle is easily calculated, as its
power is the sum of the individual pulse power spectra. This
allows for easy dynamic reconfigurability in response to
changes in the environment or user demands, and also
allows operation across different regulatory environments.

[0113] Due to the pulsed nature of the signal, out-of-band
spectral sidelobes are present. Even though pulse shaping
reduces the sidelobe level, the maxima of the sidelobes can
be several dBs above the average out-of-band power spectral
density. By applying a PRN sequence to the least significant
bit (LSB) of the duty cycling control bit, the width of each
pulse may be randomly dithered. This equivalently dithers
the location of sidelobes and nulls in the out-of-band spec-
trum, thus effectively whitening the out-of-band spectrum to
its average value and increasing the margin towards the FCC
spectral mask.

[0114] Modulation of the wideband data stream can be
achieved through On-Off Keying (OOK) or Pulse Position
Modulation (PPM), for example, as is shown in FIG. 2B. In
OOK modulation 2020, the presence of a pulse bundle
indicates a “1”, and the absence of a bundle indicates a “0”.
This is a lower power communication scheme since the
transmitter only needs to be active when a “1” is to be sent,
and can remain in sleep mode when the data bit is a “0”. This
can also increase the communications range since data is
only being transmitted roughly half of the time (ensured by
appropriate data coding), which means each pulse bundle
can contain more energy and still meet the emissions mask
imposed by the regulatory body.

[0115] However, OOK modulation requires a defined
threshold in order to make a decision as to whether the
received data was a “1” or a “0”. This can reduce perfor-
mance in environments with rapid changes in either the
channel characteristics or the level of interfering signals. In
these situations, PPM modulation 2010 may be preferred as
an alternate modulation scheme, for example. In this case, it
is the location of the pulse bundle within the symbol period
that determines whether a “1” or a “0” was received. The
detector in essence compares the energy received in the first
half of the symbol period to that received in the second half
of the symbol period to make a decision, thus creating a
frame-level threshold that can compensate for rapidly



US 2018/0175905 Al

changing environments. The ability to switch between OOK
and PPM modulation within the same transmitter—receiver
pair within embodiments of the invention is made possible
by using a burst-mode communications scheme with the
parallel digitization architecture later detailed.

[0116] Accordingly, in FIG. 2B there are depicted the
symbols 200C for the PPM 2010 and OOK 2020 modulation
schemes. Further, a frame structure 200D is depicted
wherein each frame 200D is preceded by a synchronization
block 2030 in order to achieve fine synchronization in the
receiver, as well as a start bit 2040 to correct for drift in the
symbol synchronization before the data 2050 is transmitted/
received. Due to the simple synchronization structure, only
a short synchronization block 2030 is required, reducing its
overhead on the effective data rate of the system. Between
frames 200D, the transmitter and receiver are powered down
in order to reduce power consumption. This yields a stream
200E having a resulting structure of start 2060, frame 200D,
and sleep 2080.

[0117] Such a transmission protocol is also well suited for
reconfigurable data rates. As an illustrative example of the
system operation, assume a data rate of 1 Mbps, a frame size
of 1 kbit, and a burst data rate of 20 Mbps, e.g. within a
frame a symbol is sent every 50 ns. In this example, each
frame would have a duration of 50 ps. To achieve a 1 Mbps
data rate, the frame repetition rate would be 1 kHz, i.e. a
frame is sent every 1 ms. This means the receiver would only
be active for 50us every 1 ms, leading to a duty-cycle of 5%.
To achieve a 100 kbps data rate with the same frame rate and
duration, the only necessary change would be to reduce the
frame repetition rate to 10 ms (i.e., a frame sent every 10
ms). Now the receiver would only be active for 50us every
10 ms, leading to a duty-cycle of 0.5%. Thus, a 10x
reduction in data rate would also lead to a 10x reduction in
the power consumption. Within these examples, synchroni-
zation requirements were not considered. Thanks to the
burst-mode communication scheme and the fact that both
symbol- and frame-level synchronization are implemented,
the synchronization overhead may be less than 1% of the
data payload. A particularity of the impulse radio in this
invention is that the payload may be of a very few bits since
the wakeup/sleep times are very short, allowing the duty
cycling of the impulse radio to be more aggressive than
carrier-based radios. This can enable real-time (i.e., without
payload buffering) transmission of very slow repeat rate
payloads having a highly reduced number of bits. This
ability is well-suited to many applications requiring real-
time links that have low data throughput but highly restric-
tive energy constraints such as biomedical sensors.

[0118] C: Transmitter

[0119] Referring to FIG. 3 there is depicted a schematic of
a transmitter 300 according to an embodiment of the inven-
tion. A Pulse Pattern block 310 holds the configuration for
the pulses used to represent the current symbol. From the
symbol-rate clock (i.e. 20 MHz), multiple phases are gen-
erated by a Delay Locked Loop (DLL) 330. The rising edge
of each clock phase represents the start of one pulse in the
symbol pulse bundle. A multiplexer 320 is triggered by the
edges of the clock phases and selects the configuration of the
current pulse out of the Pulse Pattern block 310. A pulse
generator (Pulser) 350 generates pulses with a pulse width
set by the multiplexer 320 and enables the Digitally Con-
trolled Oscillator (DCO) 340 and Power Amplifier (PA) 350.
When enabled, the DCO 340 generates a Gaussian shaped

Jun. 21, 2018

pulse with frequency set by the multiplexer 320, which is
then amplified by the PA 360 and radiated by the antenna
370.

[0120] Accordingly, the Pulse Pattern block 310 estab-
lishes the pulses for a symbol or sequence of symbols. In this
manner updating the Pulse Pattern block 310 adjusts the
pulse sequence employed for each symbol and accordingly
the Pulse Pattern block 310 may be dynamically updated
based upon one or more factors including, but not limited to,
network environment data, predetermined sequence, date,
time, geographic location, signal-to-noise ratio (SNR) of
received signals, and regulatory mask.

[0121] C1. Transmitter Pulse Generation and Shaping
[0122] Within embodiments of the invention the DCO 340
output may be shaped to provide a predetermined frequency
and/or amplitude characteristic discretely or in combination
with the action of the Pulser 350. For example, within
embodiments of the invention described within this speci-
fication the use of Gaussian shaping and a method of shaping
Gaussian pulses are presented and employed. However, in
other embodiments alternate shaping methodologies and
shape profiles may be employed.

[0123] The embodiment exploited by the inventors within
this specification employs shaping the pulse via the PA 360
through adjustment of its ground connection. This allows the
transmitter to operate in the digital domain in its entirety,
allowing for an all-digital structure with negligible static
current consumption. Further, the use of a fully digital
transmitter structure allows for very aggressive power
cycling, i.e. at the pulse-level.

[0124] C2. Ground-Switched Power Amplifier

[0125] The pulsed nature of UWB transmissions requires
a power amplifier (PA) capable of delivering a high instan-
taneous power level with pulse shaping to reduce the side-
lobes of the pulse spectrum. High power efficiency, efficient
power cycling and fast wakeup/sleep transition times are
required to achieve low average power consumption.
[0126] A switching power amplifier (SW-PA) 400 as
depicted in FIG. 4 has been adopted within the embodiment
of the invention presented within this specification in order
to transmit the UWB pulse bundles. SW-PA 400 therefore
representing an embodiment of the PA 360 in FIG. 3. As
depicted first and second transistors M1 410 and M2 420 act
as switches whose inputs are complementary digital clocks
generated by the DCO, allowing a fully-differential SW-PA
400 to be realized. The frequency of these digital clocks sets
the center frequency of each individual pulse in a pulse
bundle, and the pulse enable signal applied to third transistor
M3 430 sets the duration of each pulse. Accordingly, the
complementary digital clocks are provided by VCO, 440
and VCO,, 450 whilst the pulse enable/pulse duration is the
pulsed signals provided by the Pulser 350 which is coupled
to PULSE 460 such that the SW-PA 400 ground connection
via third transistor M3 430 is modified by this signal. The
SW-PA 400 outputs being provided at RF, 470 and RF,, 480
with the SW-PA 400 coupled to a power rail V.

[0127] The functionality can be described by considering
only the left side (half circuit) of the differential SW-PA 400
since the symmetry forces the operation of the other side to
be identical. The SW-PA 400 output, in this instance RF,
470 is connected to the GND, node when the first transistor
M1 410 M1 is ON. Since the DC voltage of the SW-PA 400
output is V,, (through the inductor L), the SW-PA 400
output becomes V, (V5,p—GNDp, )=2xV ,,—~GND,, when
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the first transistor M1 410 M1 is OFF. Combining these two
cases yields an output swing of 2xV ,,~GND,. Hence, by
shaping the voltage of the GND,, node, the SW-PA 400
output can be a directly shaped version of the clock signal
to generate the output pulse. By design, the output pulse is
shaped by the third transistor M3 430 and C5 to realize a
Gaussian profile for optimum balance between the pulse
duration and bandwidth, and to minimize the sidelobe power
in the pulse spectrum. The SW-PA 400 generates an output
pulse when activated by the third transistor M3 430, which
serves as an enable switch to ensure the power amplifier only
consumes static power.

[0128] C3. Digitally Controlled Oscillator

[0129] A fully differential ring DCO (FDR-DCO) 500 as
depicted in FIG. 5 has been adopted within the embodiment
of the invention presented within this specification and as
such FDR-DCO 500 therefore represents an embodiment of
the DCO 340 in FIG. 3. FDR-DCO 500 provides the digital
clock to the first and second transistors M1 410 and M2 420
with SW-PA 400 in FIG. 4 and is fed with the output of
Pulser 350 in order to toggle its operation and generate the
clock that is fed to the SW-PA 400. The frequency of this
FDR-DCO 500 is set by the first and second capacitor banks,
comprising first and second capacitors C1 540A and C2
540B and third and fourth capacitors C3 540C and C4 540D
respectively, which are connected to the outputs of the first
and second fully-differential inverters INV1 510 and INV2
520 respectively. The output from the third fully-differential
inverter INV3 530 provides the complementary digital
clocks VCO, and VCO,, which are coupled to VCO, 440
and VCO,, 450 of the SW-PA 400.

[0130] Accordingly, within an embodiment of the inven-
tion, first to fourth capacitors C1 540A to C4 540D have
identical capacitance values and each is a programmable
capacitor bank with 4 bits of programmability although
other levels of programmability etc. may be employed.
Third and fourth switches S3 550A and S4 550B are used to
turn off the FDR-DCO 500 and save power when no pulse
is to be sent. Fourth inverter INV4 570 in conjunction with
first and second switches S1 560A and S2 560B pre-charge
the oscillator nodes before oscillation (when FDR-DCO 500
is off), to control the polarity of the pulse for phase modu-
lation. This also creates an oscillator with a very fast startup
time (on the order of a fraction of ns), leading to increased
power cycling efficiency in the transmitter. When a pulse is
to be generated, the FDR-DCO 500 is enabled by opening
first and second switches 51 560A and S2 560B and closing
third and fourth switches S3 550A and S4 550B, whilst at all
other times the FDR-DCO 500 is in a low power sleep state.
Optionally, an additional PMOS transistor may be added
between the GND,, and V,,, nodes of the SW-PA 400 in
order to quickly switch off the SW-PA 400 at the end of the
pulse and improve the pulse shaping.

[0131] C4. Pulse Generator

[0132] A pulse signal from the Pulser 350 coupled to the
DCO 340, e.g. FDR-DCO 500, and PA 360, e.g. SW-PA 400,
is generated using a pulse generation circuit. Accordingly,
pulse generator (PULGEN) 600 as depicted in FIG. 6 has
been adopted within the embodiment of the invention pre-
sented within this specification and as such PULGEN 600
therefore represents an embodiment of the Pulser 350 in
FIG. 3. As depicted an input signal is routed directly and
indirectly via first and second inverters INV 1 610 and INV2
620 to an AND gate 650. The first and second inverters INV
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1 610 and INV2 620 are part of a variable delay circuit in
combination with first and second capacitors C1 630 and C2
640 which are programmable capacitor banks, although
other levels of programmability etc. may be employed.
[0133] Accordingly, a rising edge on the DATA line causes
this circuit to create a pulse on the order of ns. The pulse
width is a function of the variable delay created by the first
and second capacitors C1 630 and C2 640, which through
being digitally tunable allow the pulse width to be digitally
programmed.

[0134] CS5. Transmitter Output

[0135] Now referring to FIG. 7 there is depicted the output
voltage of the PA 360 in transmitter 300 for a submicron
CMOS prototype implementation employing a 6-pulse
bundle with On-Off-Keying (OOK) modulation. As noted
supra a “0” or “1” symbol is represented by the presence or
absence of the pulse bundle. As evident each bundle consists
of' a number (in this instance 6) of Gaussian shaped pulses
with configurable pulse width and frequency.

[0136] The resulting typical frequency spectrum of the
transmitter output at the PA 360 in transmitter 300 for a
submicron CMOS prototype implementation is shown in
FIG. 8. The energy in the spectrum is concentrated in the
UWB band as dictated by the FCC, and respects the set
spectral mask yet at the same time occupies approximately
2 GHz of the FCC regulated spectrum for UWB.

[0137] The fully digital structure of the transmitter allows
for intrinsic power cycling at the pulse level. The DCO 340
and pulse generator (Pulser) 350 are designed with digital
gates such that they only consume dynamic power when
data is being transmitted. Additionally, the switched nature
of'the PA automatically turns it off when it is not transmitting
a pulse, resulting in low static power consumption. This
creates a very efficient transmitter since no extra power
cycling hardware is required.

[0138] D. Receiver

[0139] Referring to FIG. 9 there is depicted a schematic of
a receiver 900 according to an embodiment of the invention.
The RF signal from the antenna 910 is initially amplified by
a Low Noise Amplifier (LNA) 920 before being passed to a
two stage RF amplifier (AMP1) 930. A first squaring mixer
(MIX1) 940 multiplies the signal with itself to convert to the
Intermediate Frequency (IF). A three-stage Variable Gain
Amplifier (VGA) 950 amplifies the signal further and imple-
ments a bandpass filter function. The VGA 950 output is
then coupled to a second squaring mixer (MIX2) 960 which
down-converts the signal to the baseband frequency. A
parallel integrator (INT1 and INT2) sums the signal energy,
which is digitized by the Analog-to-Digital Converters
(ADC1 and ADC2) within a digital processor (not depicted
for clarity but described for example with respect to digital
processor (DIGIPRO) 1600 below in respect of FIG. 16).
[0140] DI1. Receiver Detection and Interference Rejection
[0141] The receiver IF chain utilizes an instantaneous
bandwidth that is on the order of an individual pulse
bandwidth, e.g. 500 MHz, whilst the total spectrum covers
a much wider bandwidth, e.g. 3 GHz=f<6 GHz for a BW=3
GHz via the pulse bundle strategy. This allows for lower
power consumption of the circuit blocks after pulse down-
conversion, whilst still allowing for an ultra-wide bandwidth
spectrum to be used for communications.

[0142] Receivers for UWB signals are challenging due to
the wide bandwidth of the desired signal, which requires a
high bandwidth receiver chain. Additionally, the occurrence
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of in-band narrowband interferers, DC offsets, and 1/f noise
are also problematic in low power implementations. Accord-
ingly, it would be desirable for the IF stage to:
[0143] operate with a quasi-low-IF architecture to cir-
cumvent the DC offset problem;
[0144] reduce 1/f noise of the RF section, and
[0145] reject typical narrowband interference (e.g., sig-
nals with BW<50 MHz) in order to increase system
robustness and interference rejection.
[0146] In order to achieve this, high pass decoupling
capacitors are specified within the receiver 900 in order to
ensure that an insignificant amount of the desired pulse
energy is cut-off during this process. Further, this is coupled
with a second squaring stage after the IF stage so as to retain
full sensitivity. A double squaring method for the enhance-
ment of the energy detection sensitivity/noise rejection in
the receiver and the generation of a rectified signal is
well-suited for CMOS integration. This double squaring
method takes advantage of the impulse nature of the
received signals in order to enhance detection as it effec-
tively equates to a non-linear processing of each impulse.
The first squaring operation down-converts the received
pulse to the quasi low-IF signal whilst the 2nd squaring
operation allows the use of the entire down-converted pulse
energy to increase the probability of detection instead of just
using the detected amplitude/peak as undertaken in other
prior art impulse radio receivers. As mentioned, the high-
pass filtering between the two squaring operations gives rise
to DC offset mitigation, reduction of 1/f noise, and narrow-
band interference rejection.
[0147] It would be evident to one skilled in the art that
beneficially the non-coherent receiver architecture presented
in respect of FIG. 9 does not require frequency synchroni-
zation, or knowledge of the pulse phase/frequency pattern
used by the transmitter.
[0148] D2. Low Noise Amplifier
[0149] A low noise amplifier (LNA) 1000 as depicted in
FIG. 10 has been adopted within the embodiment of the
invention presented within this specification and as such
LNA 1000 therefore represents an embodiment of the LNA
920 in FIG. 9. Differential input signals RF, and RF,; are
coupled through third and fourth capacitors C3 1050A and
C4 10508 respectively to the drains of the pair of common-
gate transistors M1 1010 and M2 1020 which are biased on
their gates by Vz;, - and whose bias current is sunk to ground
via inductor L1. At the drains of M1 1010 and M2 1020,
shunt peaking is performed by resistors R1 1030 and R2
1040 in conjunction with inductor [2 1070 in order to
increase the bandwidth of the amplified signal. The signal is
coupled out of the LNA 1000 by first and second capacitors
C1 1060A and C2 1060B to the output ports OUT, and
OUT,.
[0150] D3. Squaring Mixer
[0151] A squaring mixer (SQ-MIX) 1100 as depicted in
FIG. 11 has been adopted within the embodiment of the
invention presented within this specification and as such
SQ-MIX 1100 therefore represents an embodiment of the
first and second squaring mixers MIX1 940 and MIX2 960
in FIG. 9. As depicted the differential input signals IN, and
IN,, are coupled to the gates of transistors M7 1110 and M8
1120, whose transconductances convert the signals into a
differential drain current. Simultaneously, the input signals
are also coupled to the cross-coupled transistor pairs M3:M4
and M5:M6, which steer the drain currents to either the
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positive (OUT,) or negative (OUT ) sides of SQ-MIX 1100,
thereby multiplying the input with itself, i.e. squaring it.
Transistors M1 and M2 are biased as current source 1150, to
provide maximum voltage gain at the outputs. Biasing
circuit 1160 coupled to the input signals and comprising
capacitors C1 to C4 and resistors R1 to R4 ensures that the
NMOS transistors are biased to the appropriate bias point.

[0152] DA4. Variable Gain Amplifier

[0153] A variable gain amplifier gain stage (VGA-GS)
1200 as depicted in FIG. 12 has been adopted within the
embodiment of the invention presented within this specifi-
cation and as such VGA-GS 1200 therefore represents an
embodiment of each gain stage within the VGA 950 in FIG.
9. The differential input signals IN, and IN,; are coupled to
the gates of composite transistor pairs M1:M2 and M3:M4
respectively. Each composite transistor M1 to M4 as
depicted in insert comprising a transistor array 1270 formed
from an array of transistors 1275(1) to 1275(N) with con-
nected sources and drains, and whose gates can be connected
to either the signal or to ground depending on the switch
positions. Accordingly, the composite transistor pairs
M1:M2 and M3:M4 have switchable transconductance. The
effective transconductance on the positive side (OUT,) is
equal to the difference of the transconductance of M1 and
M3, and on the negative side (OUT,) is equal to the
difference in transconductance between M2 and M4. There-
fore, the gain can be adjusted by the switch positions in the
composite transistors. Transistors M6 and M7 are biased as
current source 1230 to maximize the output voltage gain.
Capacitor C3 and C4 perform low-pass filtering at the output
nodes, while capacitors C1 and C2 together with bias
resistors R1 and R2 perform high-pass filtering at the input
nodes. The VGA-GS 1200 therefore operates with an effec-
tive bandpass filter response.

[0154]

[0155] After the first down-conversion, via MIX1 940, any
narrowband interference occupies a narrow frequency band
close to DC (<50 MHz) whilst the UWB signal occupies a
larger band (e.g. £;;,=500 MHz), as can be seen in FIG. 13
with the idealized first spectral plot 1300A at first node 1310
in receiver circuit 900. The IF bandpass filter is designed to
have a low frequency cutoff that is higher than the band-
width of narrowband interferers (50 MHz) so these can be
filtered out while removing only a fractional amount of
UWB energy. With only the UWB signal remaining, the
variable gain amplifier (VGA) amplifies the signal to the
desired amplitude. The VGA can be AC-coupled due to the
bandpass nature of the IF stage, which eliminates the need
for DC offset cancellation and filters the 1/f noise generated
by the IF stages.

[0156] For symbol demodulation, it is generally necessary
to integrate the signal power over the symbol time in order
to acquire the symbol energy. In this architecture, the IF
bandpass filtering removes the DC component, preventing
direct integration of the IF signal. Instead, a second down-
converter performs a self-mixing operation to obtain the
power that passed through the bandpass filter, effectively
converting the IF signal around DC again. The second
down-conversion process, via MIX2 960, being depicted
with idealized second spectral plot 1300B at second node
1320 in receiver circuit 900 wherein the filtered down-
converted UWB signal is down-converted again with a
second conversion process. Subsequently, an integrator is

D5. Receiver Down-Conversion
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employed to obtain the symbol energy wherein the adopted
method has greater sensitivity than using peak detection at
the IF level.

[0157] Accordingly, the double-square down-conversion
architecture depicted in receiver circuit 900 in FIG. 9
eliminates 1/f noise and the requirement for DC offset
cancellation circuitry, while simultaneously rejecting nar-
rowband interferers. Conceptually, the first self-mixer,
MIX1 940, yields the signal power and the IF bandpass filter
only passes the changes in signal power. The second self-
mixer, MIX2 960, and the integrator within the digital
processor (DIGIPRO) 1600 therefore yields the energy of
the change in signal power, which is intrinsically low for
carrier-based narrowband signals and high for UWB pulsed
signals. The double-square method also enhances signal-to-
noise ratio by performing an effective fourth-order nonlinear
operation.

[0158] The baseband output after MIX2 (at node 1320) for
a 6-pulse RF input signal as processed by a submicron
CMOS prototype implementation of receiver 900 is shown
in FIG. 14. The rising and falling flank of each Gaussian
filtered pulse is represented by a peak in V5 An integration
of the baseband voltage over the symbol period yields the
energy in the pulse and is used in the demodulation of the
symbol.

[0159] E. Transmitter—Receiver Synchronization and
Clocking
[0160] As discussed supra the receiver (Rx) and transmit-

ter (Tx) of a UWB communications link are not synchro-
nized to each other through distributed timing information
unlike within some other wireless protocols. Accordingly, a
requirement of each circuit is efficient synching between Tx
and Rx in order to maintain the extremely aggressive duty
cycling of the wireless impulse radios according to embodi-
ments of the invention, thereby maintaining the energy
efficiency inherent to impulse radio communications.
Accordingly, the inventors have established a low latency
transmitter/receiver  synchronization —method/algorithm
using dedicated synchronization hardware, including a dual
clock timer system for ultra-low sleep mode power con-
sumption. This allows for efficient synching between Tx and
Rx in order to maintain the extremely aggressive duty
cycling of the radio, thus maintaining the energy efficiency
inherent to impulse radio communications.

[0161] A multiphase clock baseband transceiver was
designed in order to reduce clock frequency (e.g., 20 MHz
instead of 200 MHz) and enhance power efficiency. Further,
a parallelized ADC/integrator structure, DIGIPRO 1600 in
FIG. 9, was employed in order to allow for faster synchro-
nization and enhanced interference detection. This structure
allows for full signal observability during the receive time-
frame. This structure also allows for dynamically changing
modulation schemes (e.g. OOK, PPM) to improve robust-
ness of communications based on the channel or regulatory
environment.

[0162] EIl. Low Power Clock Generator

[0163] Referring to FIG. 1500A there is depicted a first
clock generator (CLKGEN1) 1500 which may be adopted
within an embodiment of the invention presented within this
specification and as such CLKGEN1 1500 provides the 20
MHz signal to the transmitter 300 as well to the DIGIPRO
1600 within receiver 900 in FIG. 9. The low-power clock
generator, CLKGEN1 1500, comprises an inverter INV1
1520 which acts as a low frequency oscillator, i.e. 32 kHz,
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together with crystal XTAL 1510, resistor R1 and capacitors
C1 and C2. The sinusoidal oscillator signal is amplified to a
square wave clock by inverter INV2 1525 and used as the
reference in a Phased Lock Loop (PLL) 1590. PLL 1590
consists of a Voltage Controlled Oscillator (VCO) 1550
whose output is divided in frequency by a Divider 1580 and
compared to the reference by a Phase Detector 1530.
Depending on whether the divided clock has lower or higher
frequency than the reference, pulses on either DOWN or UP
are generated. A Charge Pump 1540 together with resistor
R2 and capacitors C3 and C4 filter the UP and DOWN
signals into a control signal for the VCO. When locked, the
loop generates an output clock buffered by inverter INV3
1560 that is an integer multiple of the reference clock.
[0164] As noted supra the efficient implementation of the
clock generation and synchronization in an UWB trans-
ceiver is crucial for low power operation. With pulse dura-
tions on the order of nanoseconds, a conventional and
straightforward synthesized digital approach would require
a base clock of several hundreds of MHz or more, with high
associated dynamic power consumption. Generating the
base clock directly with a crystal clock generator would lead
to a relatively high power consumption. Because crystal
oscillator power scales directly with frequency, operating a
crystal oscillator at much lower frequency (e.g. 32 kHz) and
multiplying the frequency with a Phased Locked Loop
(PLL) significantly reduces the power consumption. This
strategy is exploited by the inventors for low power clock
generation in the UWB transceiver. The base clock for the
digital logic is set to the symbol frequency, e.g. 20 MHz,
which is the rate that symbols are processed by the digital
baseband hardware and is generated by a clock generator
such as CLKGEN1 1500 in FIG. 15 which exploits lower
power low frequency oscillator XTAL 1510. Then as
depicted in respect of transmitter 300 in FIG. 3 the 20 MHz
clock is coupled to a delay locked loop (DLL) 330 that
derives multiple phases from this clock at nanosecond range
intervals, which are used as a timing basis to generate the
symbol pulses in conjunction with Multiplexer 320, DCO
340 and Pulser 350. The pulse generator control signals are
generated by a multiplexer, which selects the control bits
from a memory, Pulse Pattern 310, on the edges of the DLL
multiphase clock.

[0165] The PLL 1590 has a startup time in the millisecond
range, which is effectively limited by the number of crystal
oscillator cycles required to stabilize the loop. At data rates
higher than 50 kbps the PLL 1590 and DLL 330 remain ON
between frames, and have been optimized for low power
consumption. At data rates of 50 kbps or lower, both the PLL
1590 and DLL 330 can be power cycled in between frames
such that the only power consumption during sleep mode is
from the crystal oscillator.

[0166] E2. Synchronization

[0167] It would be evident that synchronization of the
receiver clock is required as the transmission methodology
of the UWB links has no clock data transmitted. Accord-
ingly, as depicted in respect of FIG. 16 a synchronization
block 1630 is employed in conjunction with DIGIPRO 1600
of the receiver 900 depicted in FIG. 9. As depicted in FIG.
16A the DIGIPRO 1600 comprises a pair of double-edge-
triggered integrator and Analog-to-Digital Converter (ADC)
blocks. Each of the first and second integrators 1610A and
1610B integrates over half the symbol period and its output
is digitized with one of the first and second ADCs 1620A and
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1620B. These, for example, may be a 3-bit flash ADC. The
two integrator-ADC blocks are offset by a quarter symbol
period, so that a total of four overlapping integration win-
dows are available during each symbol. This being evident
in FIG. 16B.

[0168] Synchronization during the synchronization frame
block is achieved by determining the integration window
with maximum energy such that clock synchronization of
the receiver can thus in principle be achieved with one
synchronization symbol. Additional synchronization sym-
bols are needed in practice to account for the variable gain
loop that tracks changes in the channel of the wireless link.
PPM demodulation is achieved by observing the integration
window with maximum energy for each symbol, and OOK
modulation is achieved by observing the energy in a fixed
integration window.

[0169] F. Transceiver Configuration
[0170] F1. System Energy Efficiency
[0171] The inventors established design parameters of

millisecond range start-up time from sleep mode and micro-
second range start-up time from idle mode by establishing a
custom integrated DC/DC converter and duty cycled trans-
ceiver circuitry that enables fast circuit start-up/shut-down
for optimal power consumption under low (1 kbps) and
moderate data rates (10 Mbps). In order to sustain good
energy efficiency, the elements of the total UWB transceiver
1700 in FIG. 17 according to an embodiment of the inven-
tion have been co-designed for low static sleep current and
fast startup/sleep times.

[0172] A battery (3.0 V=V, »=<3.6 V) powers a low-
frequency crystal oscillator 1500, sleep counter 1730 and
bandgap reference 1710, all of which are typically always
operational although the bandgap reference 1710 could be
duty cycled within other embodiments of the invention
without altering the scope of the claimed invention). Their
power consumption limits the minimum power consumption
of the system to sub-microwatt level. An integrated buck
DC-DC converter 1720 is powered by the battery when the
system is not in sleep mode, and this provides the supply
voltage to the rest of the system with high conversion
efficiency. The startup time of the DC-DC converter 1720 is
on the order of several symbol periods in order to minimize
wasted energy. Between sleep periods, the PLL 820 is active
to provide the base clock for the system. The receiver 900
and DLL 330 have dedicated power down controls and are
only activated during frame transmission/reception. Since
the transmitter is inherently power cycled due to its all-
digital architecture, a separate control is not required. The
power consumption of the digital synthesized blocks is low
due to the low base clock (e.g. 20 MHz).

[0173] In principle, a power-cycled transceiver achieves
linear scaling of power consumption with data rate, thus
achieving constant energy efficiency. With a fixed frame
size, multiple data rates are obtained by adjusting the length
of the sleep period, with the maximum attainable data rate
determined by the symbol rate in the frame itself. In order
to preserve energy efficiency, the power consumption during
sleep must be lower than the average power consumption.
For high data rates, powering down the PLL is not required
as its consumption does not significantly degrade the overall
efficiency. For low data rates, the whole system except the
bandgap reference, crystal oscillator, and sleep counter is
shutdown during sleep mode. In this case, the millisecond
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range startup time of the PLL is insignificant compared to
the sleep period, and overall efficiency is also not signifi-
cantly degraded.

[0174] As depicted the UWB transceiver 1700 also com-
prises a receive/transmit switch 370, spectrum configuration
1790 (equivalent to Pulse Pattern 310 in transmitter 300 in
FIG. 3), PHY Processing circuit 1780, Link Controller 1770,
Buffer and Interface circuit 1760, and PHY Formatting
circuit 1750. The UWB transceiver 1700 communicates via
Link Controller 1770 to the Client 1705. As such, Link
Controller 1770 may communicate using a wired protocol to
Client 1705, for example.

[0175] F2. Exemplary Communication Flows

[0176] The inventors have established, in order to ensure
low power consumption of the transceivers, transmitters,
and receivers according to embodiments of the invention,
process flows with respect to for detecting when a transmit-
ter has data to be sent and potential polling scheme in a
wireless sensor network. It is important to note that the
hardware proposed in this description of an embodiment of
the invention has enough configurability to explore all of the
options presented, as well as others not explicitly defined. It
is also important to note that numerical values presented are
meant to illustrate the schemes proposed more tangibly, but
are in no means meant to be limitative with respect to the
breadth of the invention, and are established based upon
initial prototypes fabricated using a submicron CMOS

foundry line.
[0177] The assumptions—analysis basis are as follows:
[0178] Symbol duration—25 ns;
[0179] System clock is 20 MHz;
[0180] Symbol repetition rate is 50 ns;
[0181] On-chip buffer of 1000 bits is available (not

implemented in prototype transceiver circuit and could
be other dimensions, including for example 1024 bits to
provide 128 bytes storage);

[0182] Separate Tx and Rx buffers; and
[0183] Low frequency sleep clock is 32 kHz.
[0184] Power consumption in the different modes is:

[0185] Receiver fully on=12 mA;
[0186] Idle Mode (DC-DC converter and frequency
synthesizer are on)=10 pA;

[0187] Sleep Mode (only 32 kHz oscillator is on)=1 pA;
and
[0188] Transmitter Energy=0.5 nl/symbol.
[0189] The data flows presented and discussed below

provide additional room for bits associated with multi-user
environments and robust communications such as an
addressing scheme for multi-user environments and a cyclic
redundancy check (CRC) code for error checking. Within
sections F4.1 to F4.4 exemplary schemes for data rates of 10
Mbps, 1 Mbps, 100 kbps and 10 kbps are presented. These
data rates are for raw data, and do not include any effects of
coding such as forward error correction, data encryption,
and coding to ensure long runs of “0” (or “1”s in some
instances) do not occur and can also be used to increase the
range of communications.

[0190] Section F.3 below presents a scheme for detecting
when a transmitter has data to be sent, as this is the first step
in any communications link. This scheme is based on the
receiver polling the channel for a transmitted signal, and is
targeted towards systems where data are sparsely sent, e.g.
once every 5 to 10 minutes or longer. For more frequent data
transfers, a scheme exploiting beacons may be more appro-
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priate with these beacons sent at recurring intervals whether
there is data to be sent or not. This keeps the transceivers
synchronized, but would add overhead for networks with
infrequent data transmissions.

[0191] It is important to note that whilst hardware-based
detection schemes such as those presented can be included
in the transceiver, that users will also be able to turn them off
and use their own schemes under software and/or firmware
control. For example, in some applications a user may want
to have a receiver on 100% of the time to ensure that no
packets are missed and is more appropriate to applications
where there are no power restrictions on a particular node,
e.g. the UWB transceiver is connected to the USB port of a
laptop for example. In sensor network applications, the user
should also have the option to use a different polling/
detection scheme than the one implemented by the trans-
ceiver manufacturer.

[0192] F3. Polling/Packet Detect Scheme

[0193] Transmitter and receiver flow diagrams for a poten-
tial polling scheme in a wireless sensor network are pre-
sented in FIGS. 18 and 19 respectively. The core of the
scheme may be summarized as follows:

[0194] the receiver within each node wakes up for 100
us every second to see if another node wants to send
data, where if it detects a Request to Send (RTS) packet
from a transmitter, it sends an acknowledge (ACK)
packet and data transfer begins; and

[0195] when a node does have data to send, it transmits
an RTS packet, and to ensure the packet is sent within
the 100 pus window in which the receiver is listening, it
must keep repeating this packet. After each repetition
its receiver turns on to listen for an ACK packet to see
if data can be transferred. The RST packet is 1 ps long,
forcing a Tx/Rx window overlap over the RST packet
repetitions, and mitigating any impact from static tim-
ing offset between the Tx and Rx.

[0196] For the schemes presented below in respect of
Sections F4.1 to F4.4 the current consumption associated
with the receiver is fixed at 2.24 pA based upon prototype
submicron CMOS implementations of the transceiver by the
inventors. The transmitter current consumption depends on
how frequently a sensor node needs to send new data such
that, for example, if it needs to send data every 10 seconds,
the worst-case current consumption is 130 pA but if it needs
to send data every 5 minutes, the worst-case current con-
sumption is 4.35 pA, wherein these figures are again derived
from prototype submicron CMOS implementations of the
transceiver by the inventors. Worst-case in these instances
means the transmitter starts sending its RTS packet right
after the 100 ps listening window of the intended receiver
ends, so it must send an RTS packet for a full second. It
would be evident from the current consumption numbers
presented above as to why the transceiver implemented by
the inventors was intended for applications where data is not
sent very frequently.

[0197] F4. Data Communications Protocols for Various
Bit Rates

[0198] F4.1 10 Mbps Communications

[0199] The communications scheme, timing, and current

consumption for the transmitter and receiver are shown in
FIGS. 20A and 20B wherein the approach is similar to the
1 Mbps case presented below in Section F4.2 where the data
rate is increased by sending more pulses with less power to
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meet the emission mask regardless of the increased number
of pulses per second. There are two ways to do this
[0200] A) Keep sending 6 pulses/symbol as per Section
F4.2 but reduce the power of each pulse by 10x; and
[0201] B) Reduce the number of pulses to be sent. For
instance, can send 3 pulses at frequencies f,, f,, f; having a
5x less power during one symbol, and send 3 pulses at
frequencies of f,, {5, f; with a 5x less power during the next
symbol. It would be evident that other combinations are
possible as well.

[0202] As data rate has increased by 10x from the 1 Mbps
scenario in F4.2 the achievable communications distance
will be reduced. The average current consumption for the
transceiver is:

[0203] Transmitter 500 pA
[0204] Receiver 6.02 mA.
[0205] F4.2 1 Mbps Communications

[0206] The communications scheme, timing, and current
consumption for the transmitter and receiver are shown in
FIGS. 21A and 21B respectively below. These assume a
packet detection scheme such as the one described above has
already taken place. At this data rate the receiver will jump
between active and idle modes. The idle mode also needs to
be at regular intervals to avoid exceeding the transmission
limits imposed by the regulatory mask, e.g. FCC, which are
measured over a 1 ms interval. The average current con-
sumption for the transceiver is:

[0207] Transmitter 509 pA

[0208] Receiver 623 pA.

[0209] F4.3 100 Kbps Communications
[0210] For communications at 100 kbps, there are two
main options:

[0211] Option 1: Send the data in a burst and then sleep
for the rest of the cycle as depicted in FIGS. 22A and
22B which is the lowest power method and provides
the same transmission distance as for a 1 Mbps data
rate; and

[0212] Option 2: Reduce the data payload to 100 bits,
and repeat this every millisecond as depicted in FIGS.
22C and 22D. This will allow more power per symbol
so communications distance can be increased, but it
will also increase the power consumption as compared
to the other mode above.

[0213] The average current consumption for each option
is:

Receiver
Receiver

Transmitter
Transmitter

Option 1:
Option 2:

51.9 pA
59.9 pA

632 pA
83.1 pA

[0214] Note that the pulses in Option 2 can have 10x as
much power as in option 1, and therefore the communication
distance can be increased. This would also increase the
transmitter power.

[0215] F4.4 10 Kbps Communications

[0216] For communications at 10 kbps, there are two main
options:

[0217] Option 1: Send the data in a burst and then sleep
for the rest of the cycle as depicted in FIGS. 23A and
23B which is the lowest power method and provides
the same transmission distance as for a 1 Mbps data
rate; and

[0218] Option 2: Reduce the data payload to 10 bits, and
repeat this every millisecond as depicted in FIGS. 23C
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and 23D. This will allow more power per symbol so
communications distance can be increased, but it will
also increase the power consumption as compared to
the other mode above.
[0219] The average current consumption for each option
is:

Option 1: Transmitter 6.13 pA Receiver 7.26 pA
Option 2: Transmitter 15.0 pA Receiver 28.0 pA
[0220] Note that the pulses in Option 2 can have 100x as

much power as in option 1, and therefore the communication
distance can be increased. This would also increase the
transmitter power.

[0221] Specific details are given in the above description
to provide a thorough understanding of the embodiments.
However, it is understood that the embodiments may be
practiced without these specific details. For example, cir-
cuits may be shown in block diagrams in order not to
obscure the embodiments in unnecessary detail. In other
instances, well-known circuits, processes, algorithms, struc-
tures, and techniques may be shown without unnecessary
detail in order to avoid obscuring the embodiments.

[0222] Implementation of the techniques, blocks, steps
and means described above may be done in various ways.
For example, these techniques, blocks, steps and means may
be implemented in hardware, software, or a combination
thereof. For a hardware implementation, the processing units
may be implemented within one or more application specific
integrated circuits (ASICs), digital signal processors
(DSPs), digital signal processing devices (DSPDs), pro-
grammable logic devices (PLDs), field programmable gate
arrays (FPGAs), processors, controllers, micro-controllers,
microprocessors, other electronic units designed to perform
the functions described above and/or a combination thereof.
[0223] Also, it is noted that the embodiments may be
described as a process which is depicted as a flowchart, a
flow diagram, a data flow diagram, a structure diagram, or
a block diagram. Although a flowchart may describe the
operations as a sequential process, many of the operations
can be performed in parallel or concurrently. In addition, the
order of the operations may be rearranged. A process is
terminated when its operations are completed, but could
have additional steps not included in the figure.

[0224] The foregoing disclosure of the exemplary embodi-
ments of the present invention has been presented for
purposes of illustration and description. It is not intended to
be exhaustive or to limit the invention to the precise forms
disclosed. Many variations and modifications of the embodi-
ments described herein will be apparent to one of ordinary
skill in the art in light of the above disclosure. The scope of
the invention is to be defined only by the claims appended
hereto, and by their equivalents.

[0225] Further, in describing representative embodiments
of the present invention, the specification may have pre-
sented the method and/or process of the present invention as
a particular sequence of steps. However, to the extent that
the method or process does not rely on the particular order
of steps set forth herein, the method or process should not be
limited to the particular sequence of steps described. As one
of ordinary skill in the art would appreciate, other sequences
of steps may be possible. Therefore, the particular order of
the steps set forth in the specification should not be con-
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strued as limitations on the claims. In addition, the claims
directed to the method and/or process of the present inven-
tion should not be limited to the performance of their steps
in the order written, and one skilled in the art can readily
appreciate that the sequences may be varied and still remain
within the spirit and scope of the present invention.
1-20. (canceled)
21. A system for wireless communication comprising:
an ultra-wideband (UWB) transmitter for transmitting
data; and
an ultra-wideband (UWB) receiver for receiving data.
22. The system according to claim 21, further comprising
establishing synchronization of at least one of a transmit-
ter and a receiver forming part of an electronic device
via dedicated synchronization hardware within the
electronic device which includes a dual clock timer
system, wherein
the dual clock time system provides ultra-low power
consumption during a sleep mode of the at least one of
the transmitter and the receiver.
23. The system according to claim 21, wherein
the UWB transmitter and UWB receiver each form part of
a common transceiver or separate transceivers and the
receiver comprises:
an integrated DC/DC converter; and
a duty cycled transceiver circuit, wherein
the transceiver supports at least one of fast circuit start-up
and fast circuit shut-down to achieve low power con-
sumption for data rate variations of at least one of 2
orders of magnitude, 3 orders of magnitude, 4 orders of
magnitude and greater than 4 orders of magnitude.
24. The system according to claim 21, wherein
each bit of data is encoded as a pulse bundle comprising
multiple pulses per bundle that have real-time configu-
rable parameters of at least one of phase, frequency,
amplitude and bandwidth.
25. The system according to claim 24, wherein
the pulse bundle is one of a plurality of pulse bundles
wherein these dynamically fill the UWB spectrum in
order to at least one of:
achieve robust communications in the presence of channel
and multipath fading;
allow for optimal spectrum shaping and whitening to
dynamically meet indoor and outdoor standard UWB
requirements;
allow the impulse radio to conform to the different radi-
ated power emission masks imposed by region/country
specific regulatory bodies;
allow for different pulse bundle schemes to cover multiple
data rates and range requirements;
allow for a very wide bandwidth without resorting to
ultra-narrow pulses that have very wide bandwidths
thus simplifying the circuitry and increasing the energy
efficiency.
spread pulse energy over a practical time scale for
receiver duty cycling and synchronization while simul-
taneously occupying a wide spectral bandwidth; and
reduce spectral sidelobes for easier compliance with emis-
sion spectral masks.
26. The system according to claim 21, wherein
the UWB receiver comprises:
an intermediate frequency (IF) chain that utilizes an
instantaneous bandwidth that is on the order of an
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individual pulse bandwidth whilst the total spectrum
covers a much wider bandwidth by exploiting a pulse
bundle per bit; wherein

a pulse bundle comprises multiple pulses per bundle that
have real-time configurable parameters of at least one
of phase, frequency, and bandwidth.

27. The system according to claim 26, wherein

the receiver’s IF chain comprises circuit blocks after pulse
down-conversion have low power consumption whilst
providing an ultra-wide bandwidth spectrum to be used
for communications.

28. The system according to claim 21, wherein

the receiver comprises:

an intermedia frequency (IF) receiver stage comprising at
least two stages of down-conversion; and

at least one of a high pass and a band-pass filter disposed
between each pair of stages of the at least two stages of
down-conversion,

wherein the first stage of each pair of stages of the at least
two stages of down-conversion is a squaring stage that
translates that an input RF signal spectrum at its input
to an output RF signal spectrum that extends down to
DC.

29. The system according to claim 28, wherein

the IF receiver stage at least one of:
removes a DC offset problem within the receiver,
reduce 1/f noise of the RF section of the receiver, and
rejects narrowband interference through combining a

first stage with a filter.

30. The system according to claim 28, wherein

the IF receiver stage further comprises at least one of:

high pass decoupling capacitors, the capacitance of the
capacitors established in dependence upon a predeter-
mined amount of the desired pulse energy to be cut-off
during this processing; and

a second squaring stage as the at least second stage of the
at least two stages of down-conversion, wherein the
resultant IF receiver stage retains full sensitivity.

31. The system according to claim 21, wherein

the transmitter employs shaped Gaussian RF pulses, the
shaped Gaussian RF pulses being generated by apply-
ing pulses to a power amplifier and dynamically adjust-
ing the ground connection of the power amplifier
during each pulse according to a predetermined tem-
poral characteristic.
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32. The system according to claim 31, wherein

the UWB transmitter employs at least one of:

aggressive power cycling; and

power cycling at the per-pulse level wherein each bit is
transmitted as a pulse bundle.

33. The system according to claim 31, wherein

the UWB transmitter comprises a voltage controlled oscil-
lator that uses pre-charging of nodes to at least one of
enforce its start-up phase and to control the polarity of
the pulses from the voltage controlled oscillator.

34. The system according to claim 21, wherein

the receiver employs a synchronization circuit compris-
ing:

a pair of parallel analog-to-digital convert/integrator
structures, wherein

the synchronization circuit achieves at least one of faster
synchronization and enhanced interference detection.

35. The system according to claim 34, wherein

the synchronization provides full signal observability
during the receive timeframe is supported.

36. The system according to claim 34, wherein

the synchronization circuit supports dynamic changing of
a modulation scheme to improve robustness of com-
munications based on the channel or regulatory envi-
ronment.

37. The system according to claim 21, wherein

the modulation schemes supported are on-off keying and
pulse position modulation.

38. The system according to claim 21, further comprising

a baseband transceiver employing a multiphase clock.

39. The system according to claim 21, wherein

the receiver comprises a receiver circuit comprising a
double squaring circuit for enhancing at least one of the
energy detection sensitivity and the noise rejection
performance of a receiver comprising the receiver
circuit and generating a rectified output signal.

40. The system according to claim 21, wherein

the receiver comprises a receiver circuit comprising:

a first squaring circuit down-converts a received pulse to
a down-converted frequency range;

a high pass filter removes at least DC content from the
down-converted frequency range; and

a second squaring circuit which employs the entire down-
converted pulse energy after the high pass filter to
increase the probability of detection.
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