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(57) ABSTRACT

An exemplary differential output buffer includes a mixing
stage and an output stage. The mixing stage includes a mixing
circuit that mixes a differential data signal and an inverted
delayed differential data signal to generate a mixed differen-
tial data signal. The output stage includes a first and a second
output stage differential pair of transistors. Sources of the
transistors in each of the output stage differential pairs are
commonly coupled. Gates of the transistors in the first and
second output stage differential pairs are supplied with the
differential data signal and the mixed differential data signal,
respectively. Drains of corresponding ones of the transistors
in the first and second output stage differential pairs are
commonly connected to form output nodes to output an
emphasized differential data signal. The mixing stage
includes a mixing ratio setting circuit that sets the mixing
ratio to one of 1:0, 1:1, and 0:1.
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1
DIFFERENTIAL OUTPUT BUFFER HAVING
MIXING AND OUTPUT STAGES

This application claims benefit of Japanese Application
No. JP-A-2011-65733. The disclosure of the prior application
is hereby incorporated by reference in its entirety.

BACKGROUND

This disclosure relates to differential output buffers that
output emphasized differential output signal in which transi-
tions in the differential data signal are emphasized.

Communication systems that transmit and receive differ-
ential data signals are widely used. A pre-emphasis technique
is used in transmitting and receiving differential data signals
in order to compensate attenuations of high-frequency signals
during the transmission in wirings or the like. The pre-em-
phasis is a technique to emphasize the amplitude of signals at
rising and falling edges at the transmitting side in order to
compensate attenuation of high-frequency signals at the
receiving side.

In the pre-emphasis technique, it is required to variably
adjust the emphasis amount at the rising and falling edges
depending on the characteristics of the transmission paths. It
is also required to emphasize the signal in multiple steps in
time with varying levels. For example, the emphasis amount
may be maximized immediately after the rising and falling
edges, slightly decreased thereafter, and then further
decreased. For example, 10G-K specification for transmitting
up to 1 meter length on printed circuit boards, which is one of
IEEE 802.3 communication specifications, requires the
emphasis in up to three steps.

US Patent Application No. 2008-0218222 (Patent docu-
ment 1) proposes a technique to vary the emphasis level in
multiple steps and to continue the emphasis in multiple steps
in time with varying levels. Patent document 1 discloses a
differential output buffer including a pre-driver stage and an
output driver stage. The pre-driver stage includes a first dif-
ferential pair that performs a current subtraction. The output
driver stage includes a second differential pair and receives a
second differential data signal from the pre-driver stage and
outputs an output signal to a transmission line.

The pre-driver stage can generate signals that accurately
represent the emphasis levels. The output driver stage
receives differential signals generated by the pre-driver stage
at the gates of transistors of the second differential pair. How-
ever, the output driver stage cannot always generate accu-
rately emphasized output signals. That is, the output driver
stage has a relatively high gain when the amplitude of the
differential signal input to the gates of the transistors in the
second differential pair is small. When the amplitude of the
input differential signal increases, however, the output driver
stage saturates and its gain decreases. As a result, the ampli-
tude of the output signal cannot be accurately controlled by
the amplitude of the signal input from the pre-driver stage.
Accordingly, it is impossible to realize emphasis levels rep-
resented by the signals generated by the pre-driver stage.

As explained above, the emphasis technique requires a
function to control the emphasis amounts in multiple levels
and also requires an accurate control of the emphasis levels.

SUMMARY

It would be advantageous to provide differential output
drivers that can accurately control the emphasis amounts in
multiple steps without increasing output capacitance and chip
area.
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Aspects of this disclosure provide a differential output
buffer that includes a mixing stage and an output stage. The
mixing stage includes a mixing circuit that mixes a differen-
tial data signal and an inverted delayed differential data sig-
nal, which is the differential data signal delayed by a delay
period and inverted, to generate a mixed differential data
signal. The output stage includes a first and a second output
stage current source and a first and a second output stage
differential pair of transistors. Sources of the transistors in
each of the output stage differential pairs are commonly
coupled and supplied with an output stage operating current
from corresponding one of the output stage current sources.
Gates of the transistors in the first output stage differential
pair are supplied with the differential data signal and gates of
the transistors in the second output stage differential pair are
supplied with the mixed differential data signal. Drains of
corresponding ones of the transistors in the first and second
output stage differential pairs are commonly connected to
form output nodes from which an emphasized differential
data signal is output. Further, the mixing stage includes a
mixing ratio setting circuit that sets a mixing ratio between
the differential data signal and the inverted delayed differen-
tial data signal to one of 1:0, 1:1, and 0:1.

In an example, the mixing circuit may include a first and a
second mixing stage current source and a first and a second
mixing stage differential pair of transistors. Sources of the
transistors in each of the mixing stage differential pairs may
be commonly coupled and supplied with a mixing stage oper-
ating current from corresponding one of the mixing stage
current sources. Gates of the transistors in the first mixing
stage differential pair may be supplied with the differential
data signal and gates of the transistors in the second mixing
stage differential pair may be supplied with the inverted
delayed differential data signal. Drains of corresponding ones
of the transistors in the first and second mixing stage difter-
ential pairs may be commonly connected to respective mixing
stage load resistors to form mixing stage output nodes from
which the mixed differential data signal is output. Further, the
mixing ratio setting circuit may set the mixing ratio by one of
(1) enabling or disabling to supply the mixing stage operating
current to each of the first and second mixing stage differen-
tial pairs; and (2) enabling or disabling to supply one of the
differential data signal and the inverted delayed differential
data signal to the gates of the transistors in each of the firstand
second mixing stage differential pairs.

Further, each of the first and second mixing stage current
sources may supply a first mixing stage operating current and
a second mixing stage operating current, which is twice the
first mixing stage operating current, and the mixing ratio
setting circuit may set the mixing ratio to (1) 1:1 by enabling
each of the first and second mixing stage current sources to
supply the first mixing stage operating current to correspond-
ing one of the first and second mixing stage differential pairs;
and (2) one of 1:0 and 0:1 by enabling one of, and disabling
the other of, the first and second mixing stage current sources
to supply the second mixing stage operating current to corre-
sponding one of the first and second mixing stage differential
pairs.

In an embodiment, the mixing circuit includes a first mix-
ing circuit that generates a first mixed differential data signal
by mixing the differential data signal and the inverted delayed
differential data signal with a first mixing ratio and a second
mixing circuit that generates a second mixed differential data
signal by mixing the differential data signal and the inverted
delayed differential data signal with a second mixing ratio.
The second output stage current source may include a first and
a second emphasizing current source, and the second output
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stage differential pair may include a first and a second empha-
sizing differential pair of transistors. Sources of the transis-
tors in each of the emphasizing differential pairs may be
commonly coupled and supplied with an emphasizing current
from corresponding one of the emphasizing current sources,
the emphasizing currents supplied from the first and second
emphasizing current sources are different with each other.
Gates of the transistors in the first emphasizing differential
pair may be supplied with the first mixed differential data
signal and gates of the transistors in the second emphasizing
differential pair may be supplied with the second mixed dif-
ferential data signal. Further, the mixing ratio setting circuit
may set the mixing ratio of each of the first and second mixing
ratios to one of 1:0, 1:1, and 0:1.

In another embodiment, the inverted delayed differential
data signal may include an inverted first-tap delayed difter-
ential data signal, which is the differential data signal delayed
by a first delay period and inverted, and an inverted second-
tap delayed differential signal, which is the differential data
signal delayed by a second delay period, different from the
first delay period, and inverted. The mixing circuit may
include a first mixing circuit that generates a first mixed
differential data signal by mixing the differential data signal
and the inverted first-tap delayed differential data signal with
a first mixing ratio, and a second mixing circuit that generates
a second mixed differential data signal by mixing the difter-
ential data signal and the inverted second-tap delayed difter-
ential data signal with a second mixing ratio. The second
output stage current source may include a first and a second
emphasizing current source, and the second output stage dif-
ferential pair may include a first and a second emphasizing
differential pair of transistors. Sources of the transistors in
each of the emphasizing differential pairs may be commonly
coupled and supplied with an emphasizing current from cor-
responding one of the emphasizing current sources. Gates of
the transistors in the first emphasizing differential pair may be
supplied with the first mixed differential data signal and gates
of the transistors in the second emphasizing differential pair
may be supplied with the second mixed differential data sig-
nal. Further, the mixing ratio setting circuit may set each of
the first and second mixing ratios to one of 1:0, 1:1, and 0:1.

In an example, the inverted delayed differential data signal
may include an inverted first-tap delayed differential data
signal, which is the differential data signal delayed by a first
delay period and inverted, and an inverted second-tap delayed
differential signal, which is the differential data signal
delayed by a second delay period, different from the first
delay period, and inverted. The mixing circuit may generate
the mixed differential data signal by mixing the differential
data signal, the inverted first-tap delayed differential data
signal, and the inverted second-tap delayed differential data
signal. Further, the mixing ratio setting circuit may set a
mixing ratio between the differential data signal, the inverted
first-tap delayed differential data signal, and the inverted sec-
ond-tap delayed differential data signal to one of 1:0:0, 1:1:0,
1:0:1, 0:1:0, 0:0:1, and 0:1:1.

Another aspect of this disclosure provides a method of
controlling an emphasis level of an emphasized differential
data signal. The method includes providing an output stage
including a first and a second output stage current source and
afirst and a second output stage differential pair of transistors.
Sources of the transistors in each of the output stage differ-
ential pairs are commonly coupled and supplied with an out-
put stage operating current from corresponding one of the
output stage current sources, and drains of corresponding
ones of the transistors in the first and second output stage
differential pairs are commonly connected to form output
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nodes. The method further includes mixing a differential data
signal and an inverted delayed differential data signal with a
mixing ratio to generate a mixed differential data signal,
inputting the differential data signal to gates of the transistors
in the first output stage differential pair and the mixed difter-
ential data signal to gates of the transistors in the second
output stage differential pair, and outputting the emphasized
differential data signal from the output nodes. Furthermore,
the method includes controlling the emphasis level of the
emphasized differential data signal by setting the mixing ratio
to one of 1:0, 1:1, and O:1.

Still another aspect of this disclosure provides a method of
designing a differential output buffer that includes designing
amixing stage and an output stage. The mixing stage includes
a mixing circuit that mixes a differential data signal and an
inverted delayed differential data signal with a mixing ratio to
generate a mixed differential data signal. The output stage
includes a first and a second output stage current source and a
first and a second output stage differential pair of transistors.
Sources of the transistors in each of the output stage differ-
ential pairs are commonly coupled and supplied with an out-
put stage operating current from corresponding one of the
output stage current sources, gates of the transistors in the first
output stage differential pair are supplied with the differential
data signal and gates of the transistors in the second output
stage differential pair are supplied with the mixed differential
data signal, and drains of corresponding ones of the transis-
tors in the first and second output stage differential pairs are
commonly connected to form output nodes from which an
emphasized differential data signal is output. The designing
of the output stage includes determining dimensions of the
transistors in the first and second output stage differential
pairs such that (1) a sum of the dimensions of the transistors
in the first and second output stage difterential pairs is capable
of transmitting the emphasized differential data signal
through a transmission line, and (2) a combination of the
dimensions of the transistors in the first and second output
stage differential pairs enables to realize required emphasis
levels of the emphasized differential data signal by setting the
mixing ratio to 1:0, 1:1, and 0:1.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments of this disclosure that are proposed
as examples will be described in detail with reference to the
following figures, wherein like numerals reference like ele-
ments, and wherein:

FIG. 1 shows a circuit diagram of a first exemplary differ-
ential output buffer;

FIG. 2 shows a circuit diagram of an exemplary mixing
circuit in the first exemplary differential output buffer shown
in FIG. 1;

FIG. 3 shows a circuit diagram of a second exemplary
differential output buffer;

FIG. 4 shows a circuit diagram of a third exemplary differ-
ential output buffer;

FIG. 5 shows a circuit diagram of a fourth exemplary
differential output buffer; and

FIG. 6 shows a circuit diagram of a second exemplary
mixing circuit in the fourth exemplary differential output
buffer shown in FIG. 5.

DETAILED DESCRIPTION OF EMBODIMENTS

FIG. 1 is a circuit diagram of a first exemplary differential
output buffer according to this disclosure. The exemplary
differential output buffer 100A shown in FIG. 1 outputs
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emphasized differential signal V., and V5.1 5 in which
transitions in the differential data signal V,, and V,,, , are
emphasized.

The differential output buffer 100A includes a mixing
stage 10A and an output stage 20A. The mixing stage 10A
generates mixed differential data signal by mixing differen-
tial data signal V,,,and V,,, ; and inverted delayed differen-
tial data signal EV,, and EV,, 5. The inverted delayed dif-
ferential data signal EV,, and EV,, is the differential data
signal V,yand V5 that is delayed by one tap and inverted.
Here, “tap” is a unit of delay period. The differential data
signal V,y and V,, 5 may be delayed by using, for example,
flip-flops that hold and output the signal in synchronous with
a clock signal.

The mixing stage 10A includes a first buffer 11 and a
mixing circuit 12. The buffer 11 receives the differential data
signal V and V5, 5 and output differential data signal V
and V ,, which has the same logic as the differential data
signal V,; and V;; 5. The buffer 11 may be omitted but
preferably be provided to adjust the timing of the differential
data signal V,; and V ,, with the timing of the mixed differ-
ential data signal Vg, and Vg,, which is output from the
mixing circuit 12.

The mixing circuit 12 further includes a second buffer 12a
and a third buffer 125. The second buffer 12a receives the
differential data signals V,,; and V,y 5 and the third buffer
125 receives delayed differential data signals EV,,, and
EV,n > which is the differential data signal V,,, and V,,
delayed by one tap. As shown in FIG. 1, the inverting output
terminal, which is marked by a circuit, of the third buffer 126
and the non-inverting output terminal, which is not marked by
a circle, of the second buffer 12a are coupled to form a first
output terminal that outputs the output signal V5. While, the
inverting output terminal, which is marked by a circuit, of the
second buffer 124 and the non-inverting output terminal,
which is not marked by a circle, of the third buffer 125 are
coupled to form a second output terminal that outputs the
output signal V..

Accordingly, the mixing circuit 12 mixes the differential
data signal V,,,and V,, 5 and inverted signal of the delayed
differential data signal EV,, and EV,,, » by inputting the
differential data signal V,, and V,, ;tothe second buffer 12a
and the delayed differential data signal EV ;,, and EV,y, 5 to
the third buffer 1254. That is, the mixing circuit 12 mixes the
differential data signal V,, and V, 5 and inverted delayed
differential data signal EV,,, 5 and EV,, to generate the
mixed differential data signal V5, and V,. Here, using dif-
ferential buffers 12a and 125 having output terminals coupled
with each other as described above and selecting appropriate
input terminals of these differential bufters to input the dif-
ferential data signal V,,, and V,, 5 and delayed differential
data signal EV;,, and EV,, 5 enable to mix the differential
data signal V,,, and V,, 5 and inverted delayed differential
data signal EV,,; » and EV,, without using an inverting cir-
cuit.

Specifically, the mixing circuit 12 mixes the differential
data signal V, and V, 5 and the inverted delayed differen-
tial data signal EV,y, 5 and EVj,, 5, which is an inverted
signal of the delayed differential data signal EV,, and
EV,y & with mixing ratios of 1:0, 1:1, and 0:1 and generates
the mixed differential data signal Vz, and V5, with respective
mixing ratios. The mixing ratio is set by a mixing ratio setting
circuit, which is not shown in FIG. 1.

The output stage 20A has a first output differential pair 21
including a first transistor 21a¢ and a second transistor 215 and
a second output differential pair 22 including a third transistor
224 and a fourth transistor 225.
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Sources of the first and the second transistors 21a and 215
are commonly connected to the drain of a transistor 23. The
source of the transistor 23, which operates as a constant
current source, is connected to the ground. The first and the
second transistors 21e¢ and 216 have mutually the same
dimension. Similarly, sources of the third and the fourth tran-
sistors 22a and 225 are commonly connected to the drain ofa
transistor 24. The source of the transistor 24, which operates
as a constant current source, is connected to the ground. The
third and the fourth transistors 22a and 225 have mutually the
same dimension.

The drain of the first transistor 21a in the first output
differential pair 21, which receives the differential data signal
V ,; to the gate, and the drain of the third transistor 22a in the
second output differential transistor pair 22, which receives
the mixed differential data signal V, at the gate, are com-
monly connected to form a first output node. The first output
node is connected to a terminal of a first output stage load
resistor 25a, and the other terminal of the first output stage
load resistor 25a is connected to the power supply V.
Similarly, the drain of the second transistor 215 in the first
output differential transistor pair 21, which receives the dif-
ferential data signal V , to the gate, and the drain of the fourth
transistor 225 in the second output differential transistor pair
22, which receives the mixed differential data signal V, at
the gate, are commonly connected to form a second output
node. The second output node is connected to a terminal of a
second output stage load resistor 2556, and the other terminal
of'the second output stage load resistor 255 is connected to the
power supply V.

Accordingly, the output stage 20A generates an output
signal Vo7 and Vi, 5 by summing the differential data
signal V ,; and V , and the mixed differential data signal V5,
and 'V z,, and further by inverting the result of summation. The
output stage 20A outputs the differential output signal V -
and V.1 5 between the output node, i.e., between the drains
of the first and the third transistors 21a and 22a commonly
connected to the first output stage load resistor 254 and the
drains of the second and the fourth transistors 215 and 225
commonly connected to the second output stage load resistor
25b.

Thus, the entire differential output buffer 100A generates
the differential output signal V ,;and 'V o 5 by mixing the
differential data signal V,, and V,, 5 and the inverted
delayed differential data signal EV; 5 and EV .

If no pre-emphasis function is required, a differential out-
put buffer may be constructed without the mixing circuit 12
and the second output stage differential pair 22. That is, a
differential output buffer may be constructed only with the
buffer 11, the first output stage differential pair 21 and the
transistor 23 that constitutes the constant current source.
Assume that a relative dimension of each of transistors 21a,
2156 and 23 of such imaginary differential output buffer,
which has a capability of transmitting signals through a trans-
mission line, is 100%. Then, the exemplary differential output
buffer 100A shown in FIG. 1 has the same capability of
transmitting signals through the transmission line if a sum of
the relative dimensions of the transistors in the first and sec-
ond output stage differential pairs 21 and 22 is 100%.

For example, relative dimensions of the first and second
transistors 21a and 215 in the first output stage differential
pair 21 and the third and fourth transistors 22a and 226 in the
second output stage differential pair 22 in the exemplary
differential output buffer 100 A may be 60% and 40%, respec-
tively. The transistors 23 and 24 for the constant current
sources may have the same relative dimensions as the relative
dimensions of the transistors in the corresponding one of the
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output stage differential pair. Accordingly, a sum of the rela-
tive dimensions of the transistors for the constant current
sources may also be 100%.

Accordingly, the total area of the output stage 20A of the
exemplary differential output buffer 100A shown in FIG. 1
may be made approximately the same as the area of the
imaginary differential output buffer. It should be noted that
the exemplary differential output buffer 100A has the pre-
emphasis function while the imaginary differential output
buffer does not have the function. In other words, the exem-
plary differential output buffer 100A provides the pre-empha-
sis function without significantly increasing the area.

Furthermore, an output load capacitance of the exemplary
differential output buffer 100A, which is determined by the
total dimension of the transistors in the output stage differen-
tial pairs, may also be made approximately the same as the
load capacitance of the imaginary differential output buffer.
In other words, the exemplary differential output buffer 100A
provides the pre-emphasis function without significantly
increasing the output load capacitance.

Note that the relative dimensions of the transistors in the
first and second output stage differential pairs are not limited
to 60% and 40%, respectively. The relative dimensions may
be set to, 70% and 30%, 50% and 50%, and so on, depending
on required emphasis levels.

FIG. 2 is a circuit diagram of an exemplary mixing circuit
that constitutes the mixing stage 10A of the first exemplary
differential output buffer 100A shown in FIG. 1.

The exemplary mixing circuit 12 has a similar construction
as the output stage 20A shown in FIG. 1. That is, the exem-
plary mixing circuit 12 has a first mixing stage differential
pair 121 including first and second transistors 121a and 1215,
and a second mixing stage differential pair 122 including
third and fourth transistors 122a and 1225. Transistors in each
of the differential pairs 121 and 122 have mutually the same
dimension. Further, different from the output stage 20A, a
dimension of the transistors in the first mixing stage difter-
ential pair 121 and a dimension of the transistors in the second
mixing stage differential pair are the same.

Sources of the first and second transistors 121a and 1215,
which constitute the first mixing stage differential pair 121,
are commonly coupled to constant current sources 123a and
123b, which constitute the first mixing stage current source
123. Similar to the constant current sources in the output stage
shown in FIG. 1, each of these constant current sources 123a
and 1235 may be constructed with, for example, a transistor.
Similarly, sources of the third and fourth transistors 122a¢ and
122b, which constitute the second mixing stage differential
pair 122, are commonly coupled to constant current sources
124a and 1245, which constitute the second mixing stage
current source 124. Each of these four constant current
sources 123a, 1235, 124a, and 1245 supplies the same cur-
rent.

Drains of the first transistor 121« in the first mixing stage
differential pair 121 and the third transistor 1224 in the sec-
ond mixing stage differential pair 122 are commonly con-
nected to one of the terminals of a first mixing stage load
resistor 125a. The other terminal of the first mixing stage load
resistor 125qa is connected to the power supply V5. Simi-
larly, drains of the second transistor 1215 in the first mixing
stage differential pair 121 and the fourth transistor 1225 in the
second mixing stage differential pair 122 are commonly con-
nected to one of the terminals of a second mixing stage load
resistor 1255. The other terminal of the second mixing stage
load resistor 1255 is connected to the power supply V5.

The first mixing stage differential pair 121 receives the
differential data signal V5 and V,, , and the second mixing
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stage differential pair 122 receives the delayed differential
data signal EV,,; and EV,,, . Specifically, gates of the first
and second transistors 121a and 1215 in the first mixing stage
differential pair 121 receive the differential data signal V,,
and V,; 5, and gates of the third and fourth transistors 122a
and 12254 in the second mixing stage differential pair 122
receive the inverted delayed differential data signal EV,,
and EV .

That is, the gate of the first transistor 121a receives the
positive phase differential data signal V,,, and the gate of the
third transistor 122a, whose drain is coupled to the drain of
the first transistor 121a, receives the negative phase delayed
differential data signal EV,,, 5. Further, the gate of the sec-
ond transistor 1215 receives the negative phase differential
data signal V,,  and the gate of the fourth transistor 1225,
whose drain is coupled to the drain of the second transistor
12154, receives the positive phase delayed differential data
signal EV,,. This construction enable to mix the differential
data signal V, and V,; 5 and the inverted delayed differen-
tial data signal EV,,, z and EV .

FIG. 2 further shows a mixing ratio setting circuit 14. The
mixing ratio setting circuit 14 controls each of four constant
current sources 123a, 1235, 124a, and 1245 in accordance
with the control signal CS. Specifically, the mixing ratio
setting circuit 14 enable/disable each of the constant current
sources to supply the source current to each of the first mixing
stage differential pair 121 including transistors 121a and
1214 and the second mixing stage differential pair 122 includ-
ing transistors 122a and 1225. Here, the mixing ratio setting
circuit 14 can only make one of following three modes;

Mode 1: enable both of two constant current sources 123a
and 1235 that constitute the first mixing stage current source
123 to supply the source currents to the first mixing stage
differential pair 121 and disable both of two constant current
sources 124a and 12454 that constitutes the second mixing
stage current source 124 to supply the sources current to the
second mixing stage differential pair 122;

Mode 2: enable one of, and disable the other one of, two
constant current sources 1234 and 1235 that constitute the
first mixing stage current source 123 to supply the source
current to the first mixing stage differential pair 121 and
enable one of, and disable the other one of, two constant
current sources 124a and 1245 that constitutes the second
mixing stage current source 124 to supply the source current
to the second mixing stage differential pair 122; and

Mode 3: disable both of two constant current sources 123a
and 1235 that constitute the first mixing stage current source
123 to supply the source currents to the first mixing stage
differential pair 121 and enable both of two constant current
sources 124a and 12454 that constitutes the second mixing
stage current source 124 to supply the source currents to the
second mixing stage differential pair 122.

The mixing stage mixes the differential data signal V ,,and
Vv s and the inverted delayed differential data signal
EV,y zandEV,, with mixing ratios 0f1:0,1:1,and 0:1 in the
modes 1, 2, and 3, respectively, and outputs the mixed differ-
ential data signal Vz, and Vz, with respective mixing ratios.

The mixed differential data signal Vz, and V, are input to
gates of the transistors 22a and 225 in the second output stage
differential pair 22 of the output stage 20A shown in FIG. 1.
Here the mixed differential data signal has the mixing ratio
between the differential data signal V,,, and V,, 5 and the
inverted delayed differential data signal EV,,  and EV,, of
one of 1:0, 1:1, and 0:1. Accordingly, gates of both transistors
22a and 225 that constitute the second output stage differen-
tial pair 22 receive signals with the same level, or gate of one
of the transistors receive a signal having a logical level of 1
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and gate of the other one of the transistors receives a signal
having a logical level of 0. In either case, the state of the
second output stage differential pair 22 is determined without
being affected by the change of gain of the differential pair.

That is, in the former case, each of the transistors 22a and
22b flows a half of the current that the current source 24
supplies. In the latter case, one of the transistors 22a and 225
flows the entire current that the current source 24 supplies,
and the other of the transistors flows no current. Accordingly,
in either case, the output stage 20A mixes the differential data
signal VI, and V,,, 5 and the inverted delayed differential
datasignal EV,,, zand EV, with intended ratios. As aresult,
the exemplary differential output buffer 100A can generate
differential output signals V- and V5.1 5 with intended
emphasis levels.

As explained above, the differential output drivers accord-
ing to the exemplary output buffer can accurately control the
amount of emphasis in multiple levels without increasing
output capacitance and chip area.

The mixing circuit used in the differential output buffer
disclosed in Patent document 1, on the other hand, mixes the
differential data signal and the inverted delayed differential
data signal with various mixing ratios C2:C3 shown in
TABLE 3 thereof. As a result, the intended emphasis level
may not be realized due to the change of gain of the output
stage.

For example, the mixing ratio of C2:C3=100%:0% shown
in the first row of TABLE 3 provides the intended emphasis
level of 0%. However, the mixing ratio of C2:C3=60%:40%
shown on the third row of TABLE 3 does not provide the
intended emphasis level. That is, the amplitude of the mixed
differential data signal changes depending on the combina-
tion of logical levels of the differential data signal and the
inverted delayed differential data signal, and the gain of the
second output stage differential pair changed depending on
the amplitude of the mixed differential data signal. Specifi-
cally, when the logical levels of the differential data signal
and the inverted delayed differential data signal are the same
and the amplitude of the mixed differential data signal is
large, the gain of the second output stage differential pair
decreases.

As a result, the intended emphasis level of 16% cannot be
realized by mixing the inverted delayed differential data sig-
nal with a ratio of C3=40%. The actually realized emphasis
level is smaller than the intended level due to the decrease of
the gain.

TABLE 1 shows mixing ratios of the differential data sig-
nal V,,and V5 and the inverted delayed differential data
signal EV,,, » and EV, in the output signal, or the empha-
sized differential signal V 5, -and V ;. 7 5, that the first exem-
plary differential output bufter 100A shown in FIGS. 1 and 2
generates in each of the modes. Specifically, TABLE 1 shows
percentages of the differential data signal V,,,and V,,, zinthe
column of “VIN” and percentages of the inverted delayed
differential data signal EV,,, 5 and EV, in the column of
“EV”, respectively. TABLE 1 further shows contributions of
the first and second output stage differential pairs 21 and 22,
which constitute the output stage 20A shown in FIG. 1, to the
percentages. Note that the first output stage differential pair
21 contributes to the percentage of “EV”, while the second
output stage differential pair 22 contributes to percentages of
both of “VIN” and “EV”".
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TABLE 1
VIN EV
mode 1st + 2nd % 2nd %
1 60 + 40 100 0 0
2 60 + 20 30 20 20
3 60 +0 60 40 40

The first row of TABLE 1 shows the percentages in the first
mode where the mixing ratio at the mixing circuit 12 shown in
FIG. 2 is 1:0. In the first mode, the second output stage
differential pair 22 only receives a signal originated from the
differential data signal V,,, and V,,, 5. The first and second
output stage differential pairs contribute to the output signal,
or the emphasized differential signal Vi, ,-and V5, g, from
the output stage 20A with the percentages of 60% and 40%,
respectively, Accordingly, the percentages of “VN” and “EV”
in the emphasized differential signal V., rand V. zinthe
first mode are 100% and 0%, respectively.

The second row of TABLE 1 shows the percentages in the
second mode where the mixing ratio at the mixing circuit 12
is 1:1. In the second mode, the second output stage differen-
tial pair 22 receives signals originated from the differential
data signal V,,and V5 and the inverted delayed differen-
tial data signal EV,, 5 and EV,, mixed with a ratio of 1:1.
Accordingly, contributions of the second output stage differ-
ential pair 22 to “VIN” and “EV” in the emphasized differ-
ential data signal V. and Vo 5 are 20% and 20%,
respectively. While, the first output stage differential pair 21
exclusively contributes to “VIN” with the percentage of 60%.
Accordingly, in total, the percentages of “YIN” and “EV” in
the emphasized differential signal V,,-and V. 5 are 80%
and 20%, respectively.

The third row of TABLE 1 shows the percentages in the
third mode where the mixing ratio at the mixing circuit 12 is
0:1. In the third mode, the second output stage differential
pair 22 only receives a signal originated from the inverted
delayed differential data signal EV, 5 and EV . Accord-
ingly, contributions of the second output stage differential
pair22to “VIN” and “EV” in the emphasized differential data
signal V. and V., 5 are 0% and 40%, respectively.
Accordingly, in total, the percentages of “VIN” and “EV” in
the emphasized differential signal V. and V5., zare 60%
and 40%, respectively.

In the first exemplary differential output buffer 100A, a
total dimension of the transistors in the first and second output
stage differential pairs 21 and 22 is capable of transmitting
output signals through a transmission line. Further, a combi-
nation of dimensions of the transistors in the first and second
output stage differential pairs 21 and 22 enables to realize
required emphasis levels shown in TABLE 1 by setting the
mixing ratio at the mixing circuit 12 to 1:0, 1:1, and 0:1. That
is, the first exemplary differential output buffer 100A is
designed such that i) a sum of dimensions of the transistors in
the first and second output stage differential pairs 21 and 22 is
capable of transmitting output signals through a transmission
line, and ii) a combination of dimensions of the transistors in
the first and second output stage differential pairs 21 and 22
enables to realize required emphasis levels by setting the
mixing ratio to 1:0, 1:1, and 0:1.

The design of the exemplary differential output buffer may
be performed using a CAD (Computer-aided-design) system
to generate a layout data. The layout data is used to generate
a mask data, and masks formed using the mask data are used
to fabricate a semiconductor integrated circuit that includes
the exemplary differential output butter.
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In the first exemplary embodiment, dimensions of transis-
tors in the first and second output stage differential pairs 21
and 22, or contributions of the first and second output stage
differential pairs 21 and 22 shown in FIG. 1 are set to 60% and
40%, respectively. The contributions may be adjusted in
accordance with required emphasis levels.

In the first exemplary embodiment, the mixing circuit 12
shown in FIG. 2 includes two mixing stage differential pairs
121 and 122, four constant current sources 123a, 1235, 124a,
and 1245 each supplies the same current, and the mixing ratio
setting circuit 13. The mixing circuit 12 has a construction
that two of four constant current sources are provided for each
of'the first and second mixing stage differential pairs, and that
the mixing ratio setting circuit controls ON and OFF of the
constant current sources.

The mixing circuit may have various other constructions.
For example, because only two of the four constant current
sources in the exemplary mixing circuit are ON in any of the
modes, the mixing circuit may be constructed with only two
constant current sources. The mixing circuit may have
switches to connect (i) both of the two constant current
sources to the first mixing stage differential pair 121, (ii) one
of the two constant current sources to each of the first and
second mixing stage differential pairs 121 and 122, or (iii)
both of the two constant current sources to the second mixing
stage differential pair 122.

It is also possible to provide one constant current source,
which is controlled to be ON and OFF, to each of the first and
second mixing stage differential pairs 121 and 122. In this
case, when one of the constant current sources is ON and the
other is OFF, the current flows in the mixing circuit 12
becomes a half of the current that flows in the mixing circuit
when both of the constant current sources are ON. As aresult,
the common mode voltage of the mixed differential data
signal increases and the amplitude of the mixed differential
data signal becomes a half of the amplitude compared with
the case that both of the constant current sources are ON.

However, it is possible to design the output stage 20A that
accept the mixed differential data signal with the reduced
amplitude at least when the power supply voltage V, is
relatively high. Specifically, the output stage 20A may be
designed such that (i) one of the transistors 22a and 225 in the
second output stage differential pair 22 flows the entire cur-
rent of the current source 24 and the other flows no current,
and (ii) the amplitude of the output signal is maintained, even
when the amplitude of the mixed differential data signal is
reduced.

It is also possible to enable/disable the supply of input
signals including the differential data signal VIN and VIN_B
and the inverted delayed differential data signal EV,, 5 and
EV, to the first and second mixing stage differential pairs
121 and 122. In this case, the constant current sources pro-
vided for each of the first and second mixing stage differential
pairs 121 and 122 may be kept ON in all of the modes.

The sprit of the first exemplary embodiment and various
modifications thereof may also be applied to the second and
following exemplary embodiments.

FIG. 3 is a circuit diagram of a second exemplary difter-
ential output buffer according to this disclosure.

The second exemplary differential output buffer 100B
shown in FIG. 3 has a mixing stage 10B and an output stage
20B. The mixing stage 10B includes a buffer 11 and a mixing
circuit 12, same as the mixing stage 10A of the first exemplary
differential output bufter 100A. The mixing stage 10B in the
second exemplary differential output buffer further includes
another mixing circuit 13. The mixing circuit 13 includes,
similar to the mixing circuit 12, two buffers including a fourth
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buffer 134 and a fifth buffer 1356. The fourth buffer 13a
receives the differential data signal V,, and V,,, 5, and the
fifth buffer 135 receives the delayed differential data signal
EV,yand EV,, 5. Same as the mixing circuit 12 shown in
FIG. 2, the mixing circuit 13 also mixes the differential data
signal V,, and V5 and the inverted delayed differential
datasignal EV,, zand EV ,, withamixing ratio of one of 1:0,
1:1, and O:1.

The output stage 20B of the second exemplary differential
output buffer 100B shown in FIG. 3 includes, similar to the
output stage 20A of the first exemplary differential output
buffer 100A shown in FIG. 1, a first and a second output stage
differential pair 21 and 22. In addition, the output stage 20B
of the second exemplary differential output buffer 100B
includes a third output stage differential pair 26. Further, the
dimension of the third and fourth transistors 22a and 225 that
constitute the second output stage differential pair 225 in the
second exemplary differential output buffer 100B is difterent
from the dimension of the same transistors in the first exem-
plary differential buffer 100A shown in FIG. 1.

That is, the third and fourth transistors 22a and 225 in the
first exemplary differential output buffer 100A has the rela-
tive dimension of 40%. On the other hand, the third and fourth
transistors 22a and 224 in the second exemplary differential
output buffer 100B has the relative dimension 30%. Accord-
ingly, the transistor 24 also has the relative dimension of 30%
and the constant current source formed by the transistor 24
supplies 30% of the total current that flows in the output stage
20B of the second exemplary differential output butfer 100B.

The third output stage differential pair 26 includes a fifth
transistor 26a and a sixth transistor 265. Sources of the fifth
and sixth transistors are commonly coupled to the drain of a
transistor 27, which is used as a constant current source. The
drain of the fifth transistor 26a is commonly coupled with
drains of the first and third transistors 21a and 224. The drain
of'the sixth transistor 265 is commonly coupled with drains of
the second and fourth transistors 215 and 225b.

The fifth and sixth transistors 26a and 265 that constitute
the third output stage differential pair 26 have the relative
dimension of 10%. The transistor 27 that constitute the con-
stant current source also has the relative dimension of 10%
and supplies 10% of the total current of the output stage 20B.
That is, in the second exemplary differential output buffer
100B, the total dimension of the transistors in the first, sec-
ond, and third output stage differential pairs 21, 22, and 23 is
100%.

The output signal, or the second mixed differential data
signal, V., and V., of the second mixing circuit 13 is sup-
plied to respective gates of the fifth and sixth transistors 26a
and 265 that constitute the third output stage differential pair
23. Accordingly, the output stage 20B generates an output
signal Vo7 and Vi, 5 by summing the differential data
signal V,, andV _,, the mixed differential data signal Vz, and
V5., and the second mixed differential data signal V., and
V o, with ratios of 60%, 30%, and 10%, respectively.

TABLE 2 shows mixing ratios of the differential data sig-
nal Vi ..z vinv_s and the inverted delayed differential data
signal EV; 5 and EV,, in the output signal, or the empha-
sized differential signal V. and V.1 5, that the second
exemplary differential output buffer 100B shown in FIG. 3
generates. Same as TABLE 1, TABLE 2 shows percentages of
the differential data signal V,,, and V,, 5 in the column of
“VIN” and the inverted delayed differential data signal
EV,y 5 and EV,, in the column of “EV”, respectively,
depending on the mixing ratios in the two mixing circuits 12
and 13. TABLE 2 further shows contributions of the first,
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second, and third output stage differential pairs 21, 22 and 26,
which constitute the output stage 20B, to the percentages.

TABLE 2
VIN EV
1st + 2nd + 3rd % 2nd + 3rd %
60 +30 + 10 100 0+0 0
60 +30+5 95 0+5 5
60 +30+0 90 0+10 10
60 + 15+ 10 85 15+0 15
60+15+5 30 15+5 20
60+15+0 75 15 +10 25
60+0+0 70 3040 30
60+0+5 65 30+5 35
60+0+0 60 30+10 40

As shown in TABLE 2, the second exemplary differential
output buffer 100B shown in FIG. 3 can vary the percentage
of “EV” from 0% to 40% with a step of 5%. That is, a
combination of dimensions of the transistors in the first, sec-
ond, and third output stage differential pairs 21, 22 and 26
enables to realize required emphasis levels shown in TABLE
2 by setting the mixing ratio in each of the mixing circuits 12
and 13 to 1:0, 1:1, and 0:1. Further, a total dimension of the
transistors in the first, second, and third output stage differ-
ential pairs 21, 22 and 26 is capable of transmitting output
signals through a transmission line.

Accordingly, the second exemplary differential output
buffer 100B is designed such that i) a sum of dimensions of
the transistors in the first, second, and third output stage
differential pairs 21, 22, and 26 is capable of transmitting
output signals through a transmission line, and ii) a combi-
nation of dimensions of the transistors in the first, second, and
third output stage differential pairs 21, 22, and 26 enables to
realize required emphasis levels by setting the mixing ratio in
each of the mixing circuits 12 and 13 to 1:0, 1:1, and 0:1.

FIG. 4 is a circuit diagram of a third exemplary differential
output buffer according to this disclosure.

The differential output buffer 100C shown in FIG. 4
includes a mixing stage 10C and an output stage 20C. The
mixing stage 20C has the same construction as the mixing
stage 20B in the second exemplary differential output buffer
100B shown in FIG. 3. However, the sixth buffer 135 that
constitute the mixing circuit 13 of the third exemplary difter-
ential output buffer 100C receives a different input signal.

That is, the sixth buffer 135 in the mixing stage 10B of the
second exemplary differential output buffer 100B shown in
FIG. 3 receives the delayed differential data signal EV ,;and
EV,n s, while the sixth buffer 135 in the mixing stage 10C of
the third exemplary differential output buffer 100C shown in
FIG. 4 receives a second delayed differential data signal
EV2,,and EV2,, . Here, the delayed differential data sig-
nal EV,,,and EV,,, . is asignal that delayed the differential
data signal V,,and V5 by a delay period of one tap. While
the second delayed differential data signal EV2,, and
EV2,, 3 is asignal that delayed the differential data signal
Vyand V5 by a second delay period of, for example, two
taps. Accordingly, the third exemplary differential output
buffer 100C shown in FIG. 4 can continue the emphasis
during a period of two taps with varying levels.

TABLE 3 shows mixing ratios of the differential data sig-
nal V,,and V,,, 5, the inverted delayed differential data sig-
nal EV;y 5 and EVy, and the inverted second delayed dif-
ferential data signal EV2,,, 5and EV2,, in the output signal,
or the emphasized differential signal V . and V 5., B, that
the third exemplary differential output buffer 100C shown in
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FIG. 4 generates. Same as TABLEs 1 and 2, TABLE 3 shows
percentages of the differential data signal V,,,and V,, inthe
column of “VIN” and percentages of inverted delayed difter-
ential data signal EV,,, 5 and EV,, in the column of “EV”,
respectively. TABLE 3 additionally shows percentages of the
inverted second delayed differential data signal EV2,,, zand
EV2,, in the column of “EV2. TABLE 3 further shows con-
tributions of the first, second, and third output stage differen-
tial pairs 21, 22 and 26, which constitute the output stage 20C
of the third exemplary differential output buffer 100C, to the
percentages.

TABLE 3
VIN EV EV2
1st+ 2nd + 3rd % 2nd % 3rd %
60 +30 + 10 100 0 0 0 0
60 +30+5 95 0 0 5 5
60 +30+0 90 0 0 10 10
60 + 15+ 10 85 15 15 0 0
60+15+5 30 15 15 5 5
60+15+0 75 15 15 10 10
60 +0+10 70 30 30 0 0
60+0+5 65 30 30 5 5
60+0+0 60 30 30 10 10

As shown in TABLE 3, the third exemplary differential
output buffer 100C can continue the emphasis during a delay
period of two taps with varying levels. Further, similar to the
second exemplary differential output buffer 1005 shown in
FIG. 3, a combination of dimensions of the transistors in the
first, second, and third output stage differential pairs 21, 22
and 26 enables to realize required emphasis levels shown in
TABLE 3 by setting the mixing ratio in each of the mixing
circuits 12 and 13 to 1:0, 1:1, and 0:1. In addition, similar to
the second exemplary differential output buffer 100B shown
in FIG. 3, a total dimension of the transistors in the first,
second and third output stage differential pairs 21, 22 and 26
is capable of transmitting output signals through a transmis-
sion line.

Accordingly, similar to the second exemplary differential
output buffer 100B, the third exemplary differential output
buffer 100C is designed such that i) a sum of dimensions of
the transistors in the first, second, and third output stage
differential pairs 21, 22, and 26 is capable of transmitting
output signals through a transmission line, and ii) a combi-
nation of dimensions of'the transistors in the first, second, and
third output stage differential pairs 21, 22, and 26 enables to
realize required emphasis levels by setting the mixing ratio in
each of the mixing circuits 12 and 13 to 1:0, 1:1, and 0:1.

FIG. 5 is a circuit diagram of a fourth exemplary differen-
tial output buffer according to this disclosure.

The fourth exemplary differential output buffer 100D
shown in FIG. 5 includes a mixing stage 10D and an output
stage 20D. The output stage 20D has the same construction as
the output stages 20B in the second exemplary differential
output buffer 100B shown in FIG. 3 and 20C in the third
exemplary differential output buffer 100C shown in FIG. 4.
Different from the second and third exemplary differential
output buffers 100B and 100C, however, the mixing circuits
12D and 13D of'the fourth exemplary differential buffer 100D
have respective three buffers 12a, 125, and 12¢, and 134, 135,
and 13c¢.

These three buffers 12a, 125, and 12¢, and 13a, 134, and
13¢ that constitute each of the mixing circuits 12D and 13D
receives the differential data signal V, and V, 5, the
delayed differential data signal EV,,, and EV,,, g, and the
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second delayed differential data signal EV2,,and EV2,,, g,
respectively. The delayed differential data signal EV ,,, and
EV,y zand thesecond delayed differential data signal EV2,,,
and EV2,,  are signals that delayed the differential data
signal V,,, and V,, » by periods of one tap and two taps,
respectively.

FIG. 6 is a circuit diagram of an exemplary mixing circuit
12D in the fourth exemplary differential output buffer 100D
shown in FIG. 5. The other mixing circuit 13D in the fourth
exemplary differential output buffer 100D has the same con-
struction as the mixing circuit 12D.

Similar to the first exemplary mixing circuit 12 shown in
FIG. 2, the second exemplary mixing circuit 12D shown in
FIG. 6 includes the first and second mixing stage differential
pairs 121 and 122. In addition, the second exemplary mixing
circuit 12D includes a third mixing stage differential pair 126.
Sources of transistors 126a and 1265 of the third mixing stage
differential pair 126 are commonly coupled to the third mix-
ing stage current source 127.

The third mixing stage current source 127 includes two
constant current sources 127a and 1275b. Each of these con-
stant current sources 127a and 1275 supplies the same current
as each of other constant current sources 123a, 1235, 124a,
and 12454 supplies. The drain of one of the transistors 126a in
the third mixing stage differential pair 126 is commonly
coupled to drains of the transistors 121a and 1224. The drain
of the other one of the transistors 1264 in the third mixing
stage differential pair 126 is commonly coupled to drains of
the transistor 1215 and 1225.

The third mixing stage differential pair 126 receives the
second delayed differential data signal EV2,, and EV2,, ..
Specifically, gates of the transistor 126a and 1265 in the third
mixing stage differential pair 126 received inverted second
delayed differential data signal EV2,,, zand EV2,,. Accord-
ingly, the second exemplary mixing circuit 12D can mix the
differential data signal V,,, and Vg, the inverted delayed
differential data signal EV,,, 5 and EV,,, and the inverted
second delayed differential data signal EV2,,, 5 and EV2,.

The second exemplary mixing circuit 12D shown in FIG. 6
includes a second mixing ratio setting circuit 14D that con-
trols, in accordance with the control signal CS, ON and OFF
of each of six constant current sources 123a, 1235, 124a,
124b, 127a, and 1275 in the first, second, and third mixing
stage current sources 123, 124, and 127. Note that, however,
the second mixing ratio setting circuit 14D keeps one of these
mixing stage current sources OFF and controls the other two
of'the mixing stage current sources in the same manner as the
mixing ratio setting circuit 14 shown in FIG. 2.

For example, the second mixing ratio setting circuit 14D
may keep two constant current sources 127a and 1275 in the
third mixing stage current source 127 OFF and control ON
and OFF of the constant current sources 123a, 1235, 124a,
and 1245 in the first and second mixing stage current sources
123 and 124 in the same manner as the first mixing ratio
setting circuit 14 shown in FIG. 2 controls. Thereby, the
second mixing ratio setting circuit 14D realizes the first to
third modes same as the first mixing ratio setting circuit 14.
Further, the second mixing ratio setting circuit 14D may keep
two constant current sources 124a and 1245 in the second
mixing stage current source 124 OFF and control ON and
OFF of the constant current sources in the first and third
mixing stage current sources 123 and 127 to realize following
fourth to sixth modes;

Mode 4: turn ON both of two constant current sources 123a
and 1235 that constitute the first mixing stage current source
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123 and turn OFF both of two constant current sources 127a
and 1275 that constitutes the third mixing stage current
source 127;

Mode 5: turn ON one of, and turn OFF the other one of, two
constant current sources 1234 and 1235 that constitute the
first mixing stage current source 123 and turn ON one of, and
turn OFF the other one of, two constant current sources 127a
and 1275 that constitute the third mixing stage current source
127; and

Mode 6: turn OFF both of two constant current sources
123a and 12356 that constitute the first mixing stage current
source 123 and turn ON both of two constant current sources
127a and 1275 that constitutes the third mixing stage current
source 127.

Furthermore, the second mixing ratio setting circuit 14D
may keep two constant current sources 123a and 1235 that
constitute the first mixing stage current source 123 OFF and
control ON and OFF of the constant current sources in the
second and third mixing stage current sources 124 and 127 to
realize following seventh to ninth modes;

Mode 7: turn ON both of two constant current sources 124a
and 1245 that constitute the second mixing stage current
source 124 and turn OFF both of two constant current sources
127a and 1275 that constitutes the third mixing stage current
source 127;

Mode 8: turn ON one of, and turn OFF the other one of, two
constant current sources 124a and 1245 that constitute the
second mixing stage current source 124 and turn ON one of,
and turn OFF the other one of, two constant current sources
127a and 1275 that constitutes the third mixing stage current
source 127; and

Mode 9: turn OFF both of two constant current sources
124a and 1245 that constitute the second mixing stage current
source 124 and turn ON both of two constant current sources
127a and 1275 that constitutes the third mixing stage current
source 127.

Note that, however, the fourth mode is equivalent to the
first mode, the seventh mode is equivalent to the third mode,
and the ninth mode is equivalent to the sixth mode. Accord-
ingly, the second mixing ratio setting circuit 14D actually
selects one of six modes. The other mixing circuit 13D
included in the fourth exemplary differential output buffer
100D shown in FIG. 5 also includes a mixing ratio setting
circuit having the same function.

TABLE 4 is a list of emphasis that the fourth exemplary
differential output buffer 100D can realize.

TABLE 4
VIN EV EV2
1st+ 2nd + 3rd % 2nd + 3rd % 2nd + 3rd %
60 + 30 + 10 100 0+0 0 0+0 0
60+30+5 95 0+5 5 0+0 0
60+30+5 95 0+0 0 0+5 5
60 +30+0 90 0+10 10 0+0 0
60 +30+0 90 0+5 5 0+5 5
60 +30+0 90 0+0 0 0+10 10
60 + 15+ 10 85 15+0 15 0+0 0
60 + 15+ 10 85 0+0 0 15+0 15
60+15+5 80 15+5 20 0+0 0
60+15+5 80 15+0 15 0+5 5
60+15+5 80 0+5 5 15+0 15
60+15+5 80 0+0 0 15+5 20
60+15+0 75 15+10 25 0+0 0
60+15+0 75 15+5 20 0+5 5
60+15+0 75 15+0 15 0+10 10
60+15+0 75 0+10 10 15+0 15
60+15+0 75 0+5 5 15+5 20
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TABLE 4-continued
VIN EV EV2
1st+ 2nd + 3rd % 2nd + 3rd % 2nd + 3rd %
60+ 15+0 75 0+0 0 15 +10 25
60+ 0+ 10 70 3040 30 0+0 0
60+ 0+ 10 70 15+0 15 15+0 15
60+ 0+ 10 70 0+0 0 3040 30
60+0+5 65 3045 35 0+0 0
60+0+5 65 3040 30 0+5 5
60+0+5 65 15+5 20 15+0 15
60+0+5 65 15+0 15 15+5 20
60+0+5 65 0+5 5 3040 30
60+0+5 65 0+0 0 3045 35
60+0+0 60 30+10 40 0+0 0
60+0+0 60 3045 35 0+5 5
60+0+0 60 3040 30 0+10 10
60+0+0 60 15 +10 25 15+0 15
60+0+0 60 15+5 20 15+5 20
60+0+0 60 15+0 15 15 +10 25
60+0+0 60 0+10 10 3040 30
60+0+0 60 0+5 5 3045 35
60+0+0 60 0+0 0 30+10 40

As shown in TABLE 4, the fourth exemplary differential
output buffer 100D shown in FIG. 4 can continue the empha-
sis during a period of two taps with varying levels. Further, a
combination of dimensions of the transistors in the first, sec-
ond, and third output stage differential pairs 21, 22 and 26
enables to realize required emphasis levels shown in TABLE
4 by setting the mixing ratio in each of the mixing circuits
12D and 13D to 1:0:0, 1:1:0, 1:0:1, 0:1:0, 0:0:1, and 0:1:1. In
addition, a total dimension of the transistors in the first, sec-
ond and third output stage differential pairs 21, 22 and 26 is
capable of transmitting output signals through a transmission
line.

Accordingly, the third exemplary differential output buffer
100D is designed such that i) a sum of dimensions of the
transistors in the first, second, and third output stage differ-
ential pairs 21, 22, and 26 is capable of transmitting output
signals through a transmission line, and ii) a combination of
dimensions of the transistors in the first, second, and third
output stage differential pairs 21,22, and 26 enables to realize
required emphasis levels by setting the mixing ratio in each of
the mixing circuits 12D and 13D to 1:0:0, 1:1:0, 1:0:1, 0:1:0,
0:0:1, and 0:1:1.

It is also possible to provide differential output buffers that
can continue the emphasis during periods of three or more
taps.

What is claimed is:

1. A differential output buffer, comprising:

a mixing stage including a mixing circuit that adjusts first
and second mixing stage current sources to mix a differ-
ential data signal and an inverted delayed differential
data signal, which is the differential data signal delayed
by a delay period and inverted, to generate a mixed
differential data signal;

an output stage including a first and a second output stage
current source and a first and a second output stage
differential pair of transistors, sources of the transistors
in each of the output stage differential pairs being com-
monly coupled and supplied with an output stage oper-
ating current from corresponding one of the output stage
current sources, gates of the transistors in the first output
stage differential pair being supplied with the differen-
tial data signal and gates of the transistors in the second
output stage differential pair being supplied with the
mixed differential data signal, and drains of correspond-
ing ones of the transistors in the first and second output
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stage differential pairs being commonly connected to
form output nodes from which an emphasized differen-
tial data signal is output; and

a mixing ratio setting circuit, included in the mixing stage,
that sets a mixing ratio between the differential data
signal and the inverted delayed differential data signal to
one of 1:0, 1:1, and 0:1 based on a control signal,

wherein:

the mixing circuit includes a first mixing circuit that gen-
erates a first mixed differential data signal by mixing the
differential data signal and the inverted delayed differ-
ential data signal with a first mixing ratio and a second
mixing circuit that generates a second mixed differential
data signal by mixing the differential data signal and the
inverted delayed differential data signal with a second
mixing ratio;

the second output stage current source includes a first and
a second emphasizing current t source:

the second output stage differential pair includes a first and
a second emphasizing differential pair of transistors,
sources of the transistors in each of the emphasizing
differential pairs are commonly coupled and supplied
with an emphasizing current from corresponding one of
the emphasizing current sources, the emphasizing cur-
rents supplied from the first and second emphasizing
current sources are different with each other, and gates
of'the transistors in the first emphasizing differential pair
are supplied with the first mixed differential data signal
and gates of the transistors in the second emphasizing
differential pair are supplied with the second mixed dif-
ferential data signal; and

the mixing ratio setting circuit sets each of the first and
second mixing ratios to one of 1:0,

1:1, and O:1.

2. The differential output buffer according to claim 1,

wherein:

the mixing circuit includes the first and the second mixing
stage current source and a first and a second mixing stage
differential pair of transistors, sources of the transistors
in each of the mixing stage pairs are commonly coupled
and supplied with a mixing stage operating current from
corresponding one of the mixing stage current sources,
gates of the transistors in the first mixing stage differen-
tial pair are supplied with the differential data signal and
gates of the transistors in the second mixing stage dif-
ferential pair are supplied with the inverted delayed dif-
ferential data signal, and drains of corresponding ones of
the transistors in the first and second mixing stage dif-
ferential pairs are commonly connected to respective
mixing stage load resistors to form mixing stage output
nodes from which the mixed differential data signal is
output,

wherein the mixing ratio setting circuit sets the mixing
ratio by one of:

(1) enabling or disabling to supply the mixing stage oper-
ating current to each of the first and second mixing stage
differential pairs; and

(2) enabling or disabling to supply one of the differential
data signal and the inverted delayed differential data
signal to the gates of the transistors in each of the first
and second mixing stage differential pairs.

3. The differential output buffer according to claim 2,

wherein:

each of the first and second mixing stage current sources
supplies a first mixing stage operating current and a
second mixing stage operating current, which is twice
the first mixing stage operating current; and
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the mixing ratio setting circuit sets the mixing ratio to:

(1) 1:1 by enabling each of the first and second mixing
stage current sources to supply the first mixing stage
operating current to corresponding one of the first and
second mixing stage differential pairs; and

(2) one of 1:0 and 0:1 by enabling one of, and disabling the
other of, the first and second mixing stage current
sources to supply the second mixing stage operating
current to corresponding one of the first and second
mixing stage differential pairs.

4. The differential output buffer according to claim 1,

wherein:

the inverted delayed differential data signal includes an
inverted first-tap delayed differential data signal, which
is the differential data signal delayed by a first delay
period and inverted, and an inverted second-tap delayed
differential signal, which is the differential data signal
delayed by a second delay period, different from the first
delay period, and inverted;

each of the first and second mixing circuits generates cor-
responding one of the first and second mixed differential
data signals by mixing the differential data signal, the
inverted first-tap delayed differential data signal, and the
inverted second-tap delayed differential data signal; and

the mixing ratio setting circuit sets a mixing ratio between
the differential data signal, the inverted first-tap delayed
differential data signal, and the inverted second-tap
delayed differential data signal of each of the first and
second mixing circuits to one of 1:0:0, 1:1:0, 1:0:1,
0:1:0, 0:0:1, and 0:1:1.

5. A method of controlling an emphasis level of an empha-

sized differential data signal, the method comprising:

providing an output stage including a first and a second
output stage current source and a first and a second
output stage differential pair of transistors, sources of
the transistors in each of the output stage differential
pairs being commonly coupled and supplied with an
output stage operating current from corresponding one
of the output stage current sources, and drains of corre-
sponding ones of the transistors in the first and second
output stage differential pairs being commonly con-
nected to form output nodes;

mixing, in a mixing stage, a differential data signal and an
inverted delayed differential data signal, which is the
differential data signal delayed by a delay period and
inverted, with a mixing ratio set by setting currents of
first and second mixing stage current sources to generate
a mixed differential data signal;

inputting the differential data signal to gates of the transis-
tors in the first output stage differential pair and the
mixed differential data signal to gates of the transistors
in the second output stage differential pair;

outputting the emphasized differential data signal from the
output nodes; and

controlling the emphasis level of the emphasized differen-
tial data signal by setting, with a mixing ration setting
circuit, the mixing ratio to one of 1:0, 1:1, and 0:1 in
response to a control signal,

wherein:

the second output stage current source includes a first and
a second emphasizing current source;

the second output stage differential pair includes a first and
a second emphasizing differential pair of transistors,
sources of the transistors in each of the emphasizing
differential pairs are commonly coupled and supplied
with an emphasizing current from corresponding one of
the emphasizing current sources, the emphasizing cur-
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rents supplied from the first and second emphasizing
current sources are different with each other;

the mixing includes mixing the differential data signal and
the inverted delayed differential data signal with a first
mixing ratio to generate a first mixed differential data
signal and mixing the differential data signal and the
inverted delayed differential data signal with a second
mixing ratio to generate second mixed differential data
signal;

the inputting includes inputting the first mixed differential
data signal to gates of the transistors in the first empha-
sizing differential pair and the second mixed differential
data signal to gates of the transistors in the second
emphasizing differential pair; and

the controlling controls the emphasis level by setting each
of the first and second mixing circuits to one of 1:0, 1:1,
and 0:1.

6. The method according to claim 5, wherein:

the inverted delayed differential data signal includes an
inverted first-tap delayed differential data signal, which
is the differential data signal delayed by a first delay
period and inverted, and an inverted second-tap delayed
differential signal, which is the differential data signal
delayed by a second delay period, different from the first
delay period, and inverted;

the mixing generates each of the first and second mixed
differential data signals by mixing the difterential data
signal, the inverted first-tap delayed differential data
signal, and the inverted second-tap delayed differential
data signal; and

the controlling controls the emphasis level by setting a
mixing ratio between the differential data signal, the
inverted first-tap delayed differential data signal, and the
inverted second-tap delayed differential data signal for
each of the first and second mixed differential data sig-
nals to one 0f 1:0:0, 1:1:0, 1:0:1, 0:1:0, 0:0:1, and 0:1:1.

7. A method of designing a differential output buffer, the

method comprising:

designing a mixing stage including a mixing circuit that
mixes a differential data signal and an inverted delayed
differential data signal, which is the differential data
signal delayed by a delay period and inverted, with a
mixing ratio set by setting currents of first and second
mixing stage current sources to generate a mixed differ-
ential data signal; and

designing an output stage including a first and a second
output stage current source and a first and a second
output stage differential pair of transistors, sources of
the transistors in each of the output stage differential
pairs being commonly coupled and supplied with an
output stage operating current from corresponding one
of the output stage current sources, gates of the transis-
tors in the first output stage differential pair being sup-
plied with the differential data signal and gates of the
transistors in the second output stage differential pair
being supplied with the mixed differential data signal,
and drains of corresponding ones of the transistors in the
first and second output stage differential pairs being
commonly connected to form output nodes from which
an emphasized differential data signal is output,

wherein the designing of the output stage includes deter-
mining dimensions of the transistors in the first and
second output stage differential pairs such that:

(1) asum ofthe dimensions of'the transistors in the firstand
second output stage differential pairs is capable of trans-
mitting the emphasized differential data signal through a
transmission line; and
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(2) a combination of the dimensions of the transistors in the
first and second output stage differential pairs enables to
realize required emphasis levels of the emphasized dif-
ferential data signal by setting the mixing ratio to 1:0,
1:1, and 0:1 with a mixing ratio setting circuit and in
response to a control signal, and

wherein:

the designing of the mixing stage is performed such that the
mixing circuit includes a first mixing circuit that gener-
ates a first mixed differential data signal by mixing the
differential data signal and the inverted delayed differ-
ential data signal with a first mixing ratio and a second
mixing circuit that generates a second mixed differential
data signal by mixing the differential data signal and the
inverted delayed differential data signal with a second
mixing ratio;

the designing of the output stage is performed such that:

the second output stage current source includes a first and
a second emphasizing current source; and

the second output stage differential pair includes a first and
a second emphasizing differential pair of transistors,
sources of the transistors in each of the emphasizing
differential pairs are commonly coupled and supplied
with an emphasizing current from corresponding one of
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the emphasizing current sources, the emphasizing cur-
rents supplied from the first and second emphasizing
current sources are different with each other, and gates
of'the transistors in the first emphasizing differential pair
are supplied with the first mixed differential data signal
and gates of the transistors in the second emphasizing
differential pair are supplied with the second mixed dif-
ferential data signal; and

the determining determines the dimension of the transis-
tors in the first output stage differential pair and dimen-
sions of transistors in the first and second emphasizing
differential pairs such that:

(1) a sum of the dimension of the transistors in the first
output stage differential pair and the first and second
emphasizing differential pairs is capable of transmitting
the emphasized differential data signal through the
transmission line; and

(2) acombination ofthe dimensions of the transistors in the
first output stage differential pair and the first and second
emphasizing differential pairs enables to realize the
required emphasis levels of the emphasized differential
data signal by setting each of the first and second mixing
ratios to one of 1:0, 1:1, and 0:1.
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