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A 32/16-Gb/s Dual-Mode Pulsewidth Modulation
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30-dB Loss Compensation Using a High-Speed
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Abstract—Pulse-width modulation pre-emphasis (PWM-PE) is
a relatively new technique for compensating severe losses in wireline channels by varying the duty cycle of the transmitted pulse.
The technique has been demonstrated upto 5 Gb/s and requires
high-speed digital logic to accomodate narrow pulses in the transmitted bit stream. This work targets data rates beyond 10 Gb/s
and extends PWM-PE to 4-PAM signals in addition to binary mode
transmission. The target speed is achieved by designing the transmitter using current mode logic (CML) blocks that combine relatively large logic swings and incomplete switching of the tail current. Implemented in a 0.13- m CMOS process to accommodate
the wide output swing of 1.2 Vpp per side, the transmitter compensates upto 30 dB loss at one-half the symbol rate and operates up
to 16 Gsymbols/s.
Index Terms—CMOS, current mode logic (CML), pulse-amplitude modulation (PAM), pulsewidth modulation pre-emphasis
(PWM-PE).

I. INTRODUCTION
ULSEWIDTH modulation pre-emphasis (PWM-PE) [1],
[2] is used to compensate severe losses in wireline channels by shaping the transmitted pulse response. Pulse shaping is
performed by varying the duty cycle of the pulse to achieve high
frequency boost and low frequency attenuation. The optimal
pulse duty cycle corresponds to a flat combined response of the
transmitter and lossy channel. This technique has been demonstrated in CMOS to compensate 33 dB loss at 2.5 GHz [1] and
22 dB loss at 1.25 GHz [2]. Such enormous loss compensation
capacity requires wide swing at the transmitter in order to avoid
low amplitude signals at the receiving end (e.g., 30-mV receiver
sensitivity with 30-dB loss channel requires a transmitter with at
least 1-V swing). However, [1] and [2] report transmitter swings
of 600 mVpp at 5 Gb/s and 700 mVpp at 4 Gb/s. This work
achieves 30-dB loss compensation at data rates up to 16 Gb/s
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and with twice the transmitter swing of [1]. This is also the first
ever reported 4-PAM PWM-PE transmitter with a data rate of
32 Gb/s.
To safely avoid device breakdown, and without external transformers, a swing over 1 Vpp restricted the design to 130-nm
CMOS technology. However, achieving data rates beyond 10
Gb/s with current mode logic (CML) gates in 130 nm requires
designing circuits at very high-speed. Moreover, PWM-PE requires particularly high-speed CML gates since PWM creates
pulses that are a fraction of a bit period in duration. Hence,
the speed requirements for this work are comparable to those
achieved in [3]–[5]. Examining the CML design methodologies
in [3]–[5], we find that they use very large logic swings. But,
this contradicts the design prescriptions for high-speed CML
found in [6]–[10]. After briefly describing PWM-PE technique
in Section II, we resolve the contradiction and arrive at a design
methodology that combines relatively large logic swings and incomplete switching of the tail current to achieve very high-speed
operation in Section III. Section IV describes the dual mode
2-PAM/4-PAM transmitter [11] and its building blocks. Measurement results are presented in Section V, and conclusions
are presented in Section VI.
II. PWM-PE
PWM-PE as proposed in [1] and [2] has the following pulse
response:

where and denote the duty cycle and symbol period respectively. PWM-PE uses the timing resolution within one symbol
period to shape the transmit-pulse response, while keeping the
transmitted waveform at its full-swing values. The pulse re, and a
sponse comprises a positive portion of duration
. Fig. 1 shows PWM-PE
negative portion of duration
pulses for different settings of the duty cycle, with normalized
. PWM-PE with
is equivalent to a
amplitude of
Manchester-encoded signal.
Fig. 2 shows the magnitude of the transmit spectrum as a
function of the duty cycle . Note that as the pre-emphasis setting changes, the pulse spectrum no longer has nulls at integer
. Low-frequency components are suppressed,
multiples of
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Fig. 3. PWM-PE topology.
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Fig. 4. Output pulses of the Gray-coded 4-PAM transmitter with PWM-PE.
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while the high frequency components are boosted which serves
the purpose of compensating losses at high-frequency.
Two architectures have been reported in literature [1], [2] to
implement PWM-PE. The first approach, shown in Fig. 3(a) [1],
uses a delay block and a logical-OR. The amount of delay determines the duty-cycle of the clock signal, and hence the amount
of pre-emphasis in this implementation. This architecture requires two separate control voltages to adjust the duty-cycle.
The second architecture, shown in Fig. 3(b), uses DC offset
currents to control the clock’s duty-cycle [2]. This approach is

better suited to generating high pre-emphasis since zero offset
current yields 50% duty-cycle at any clock frequency.
The ability to disable pre-emphasis for low-loss channels or
testing purposes is also an important consideration. From the
circuit block diagrams, since the clock input is ac-coupled, it
is evident the first approach [Fig. 3(a)] can only create a 100%
duty-cycle (no pre-emphasis) if the delay is greater than half of
the clock period. Using the second approach [Fig. 3(b)], however, pre-emphasis is disabled by disconnecting the clock input
and applying a large offset current to the DCC. Based on the
simpler circuit implementation and the ability to disable pre-emphasis reliably, the architecture with duty-cycle control (DCC)
is chosen in this work.
Although previously only applied to binary signals, PWM-PE
is a linear operation and, hence, can be applied to a 4-PAM
system. The corresponding 4-PAM symbol pulse shapes are
shown in Fig. 4, assuming a Gray line code. The 2-bit inputs
and are mapped to Gray line code bits , and using
the following logic:
(1)
(2)
(3)
where the MSB input is denoted by
and the LSB input is
denoted by . Each of the three bits , and are combined
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current level, or matching resistance at the output. Hence, the
design of the entire cascade of buffers boils down to choosing
and W.
Much prior work has analyzed CML circuits using a smallsignal analysis [6]–[8]. Assuming a square-law MOS model,
in order to ensure that the tail currents in all buffers are fullyswitched to one side of the differential pair, it may be shown
that [6], [8]
dB

(4)
(5)

In (4),
is the small-signal transconductance of the differential
pair devices with zero differential input. The threshold voltage,
, in (5) is that of the differential pair devices.
Hence, when a square-law MOS model is assumed and full
switching of the differential pair devices required, CML design
is chosen close to . Then the
proceeds as follows:
of the differential pair devices is chosen to
device width,
achieve a small-signal gain of at least 3 dB. Rewriting (4) in
terms of the device width
Fig. 5. Circuit simulation setup. (a) Cascade of CML buffers with a fanout,
k
used for circuit simulation. (b) Schematic of CML buffer used for circuit
simulation.

=2

with a variable duty cycle clock and passed through XOR gates
to realize PWM pulses. The pulses are then linearly combined
to generate the PWM-PE signal. Note that the Gray encoder also
facilitates operation in binary (2PAM) mode. If the LSB is set
. Hence,
to logic 0, (1)–(3) reduce to
the three outputs of the encoder switch in unison with the MSB
input, thereby generating a full-swing binary output.
III. CML DESIGN METHODOLOGY IN CMOS
In this work, the various logic gates in the PWM-PE transmitter were implemented using current mode logic (CML). In
this section we describe and compare conventional CML design and the high-speed CML design methodology used for designing logic gates in the implemented PWM-PE Transmitter.
It is shown that the high-speed CML gates are superior in terms
of speed, swing and silicon area.
A. Background: Square Law CML Design
CML circuits are commonly used in pre-driver, delay-locked
loop (DLL), and clock distribution circuits. In these cases, a cascade of roughly constant fanout buffers is employed. Hence,
this is the basis of the simulation setup, shown in Fig. 5 that
is used to investigate the design methodology of high-speed
CML logic. All simulations in this section are performed in
m CMOS at the typical (tt) design corner and at a temperature of 75 C. The schematic of a generalized CML buffer is
, device widths
shown in Fig. 5(b). The tail currents
, and load resistors
are scaled by the fanout
, along the cascade of buffers. Each CML
factor
, and fullbuffer has the same current density
. Assuming a source-toswitching voltage,
body voltage of 400 mV, the threshold voltage of the differential
pair devices is 480 mV.
Generally, either the load resistor or tail current of the last
stage is fixed by the desire to achieve a particular time constant,

dB

(6)
(7)

Here is the gate length of the differential pair devices (assumed to be the minimum permitted by the given CMOS techis the mobility of the n-channel devices and
is
nology),
, the
the oxide capacitance. Once the device width ,
fanout ratio , and the load resistance of the last stage are
,
known, the design parameters of all stages in the cascade (
, and ) may be computed.
This approach is limited for very high-speed CML design in
several respects. First, the requirement that the CML buffers
fully switch all their tail current can be relaxed. If some current is permitted to flow in the “off” branch of a CML buffer,
the resistance of the preceding stage can be reduced, thus decreasing the time constant at that node and increasing the speed
of the cascade. Second, the speed of a CML gate is largely influenced by its open-circuit time constant (OCTC) at the output
nodes [12], [13]. With the assumption that transistor device parasitic capacitances are the dominant form of load capacitance
at the output node of a CML buffer, the total load capacitance
is proportional to the widths of the input and output transistors
connected to that node. Hence, the OCTC at the output node is
and :
roughly proportional to
(8)
Maintaining the square-law MOS model (6) may be rearranged
to show that
(9)
Based on (8), and (9), it is possible to reduce the RC time constant of a CML stage without affecting its small-signal gain by
simultaneously increasing its load resistance by some factor
and decreasing its width by a factor (hence, increasing its current density). In fact, this observation is consistent with several
published high-speed CML designs [3]–[5]. The CML circuits
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Fig. 6. VTC of CML circuits in different operating regions. (a) Full-switching region. (b) Soft-switching region. (c) Attenuating region.

in these published works all employ high current-densities to
of these CML
reduce load capacitances. The values of
designs exceed the device threshold voltage, in contradiction of
(5). Of course, biasing the differential pair devices with such
high current densities reduces the accuracy of the square-law
MOS model that underlies (4), (5) in the first place. A simulation-based design methodology is therefore required.
B. High-Speed CML Design
This section describes a high-speed CML design methodology that does not require full-switching of the tail current in a
CML buffer, and uses high current densities to minimize device
sizes.
Fig. 6 shows three possible voltage transfer characteristics
(VTCs) of CML buffers. VTCs illustrate the large-signal inputoutput characteristics of a CML stage graphically and can be
easily obtained from a circuit simulator. The small-signal gain
is given by the tangent of the VTC at the origin. In Fig. 6(a),
the CML gate is designed to provide full switching. In this case
even a small input voltage will result in the full-switching output
after a few stages. Under the square-law asswing of
sumption, a small-signal gain of 3 dB is required to ensure
this full-switching operation. In Fig. 6(c), the CML gate has a
small-signal gain less than unity. This region of operation is generally avoided by circuit designers since it results in a signal with
very low swing at the final output of a chain of CML buffers.
VTCs as depicted in Fig. 6(b) fit between these two extremes
and will be referred to as soft-switching CML operation.
Characteristics of the soft-switching region are as follows.
1) The small-signal gain is between 3 dB to 0 dB.
2) A small amount of current flows through the “off” device in the CML differential pair. As a result, the output
.
voltage is less than the full-switching value of
In fact, the output voltage is given by
.
3) The logic signal will be given by , defined graphically
in Fig. 6(b) as the point where the VTC intersects with
. In a full-switching CML
the unity-gain line
. But in a softbuffer, as in Fig. 6(a),
, which implies that the
switching buffer,
current in the on branch of the buffer is less than the total
tail current.

Fig. 7. The three regions of operation for CML circuits.

In a cascade of soft-switching CML buffers with identical
VTCs, as more stages are added to the cascade, the output
as inputs above
are comvoltage eventually settles to
pressed while inputs below are amplified. This is shown in
Fig. 7. In contrast, attenuating region results in a diminishing
output voltage and full switching results in an output swing of
.
Note that allowing soft-switching operation permits reduced
load resistance of CML gates compared to that required to maintain full-switching. Low values of resistance are desirable for
high-speed CML design as they translate to reductions in the
time constants.
Having defined a suitable region of operation we now
and device width, . The
focus on our choices for
square-law design methodology, with its emphasis on maintaining the saturation region of operation, is too conservative
for high-speed CML design. Referring to (5), the square law
to . The validity of the square law
model limits the
model is questionable for high-speed CML design with high
current densities and/or nano-scale MOSFETs since velocity
saturation and/or critical vertical electrical fields in MOSFETs
may result in sub-quadratic voltage-current relationships.
Furthermore, there is no strong reason to avoid operating the
differential pair devices in triode. Hence, if we alleviate the
is that
requirement imposed by (5), the only limit on
imposed by the finite supply voltage and headroom required to
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TABLE I
COMPARSION OF CML DESIGN METHODOLOGIES

keep the tail current device from entering triode. In summary,
the procedure advocated here is to achieve the highest possible
operating speed for CML logic.
as large as possible given
Step 1) Select
supply and headroom constraints.
Step 2) Simulate the VTC while parametrically sweeping the
device width W.
Step 3) Select the smallest width that robustly provides a
with sufficient noise margin.
logic swing
C. Simulation Study
This section presents simulation results to validate the discussions in the previous sections. All simulation results are based
on the simulation setup shown in Fig. 5. To accommodate the
large swing requirements of the design, the supply voltage was
set to 1.8 V. This is consistent with high-speed CML designs
m CMOS.
reported in [14] and [15] in
Using the square-law design methodology, the full-switching
is set as close as possible to of the differvoltage of
mV, we choose
ential pair devices. Since
mV. Given a tail current of 5 mA, the load resistance is
, and the small-signal voltage gain of the buffer
m.
reaches 3 dB for a differential pair device width of
Using the high-speed design methodology, the full-switching
is set to 800 mV, just enough to provide
voltage of
m CMOS techthe tail transistor 400 mV headroom. For
nology used in this work, the drain-source breakdown voltage
was 1.6 V. Thus, for a swing of 800 mV, the drain voltage of the
V. Assuming a 400 mV drop across the
device is
tail transistor, the drain-source voltage of the input transistor is
mV
mV which is well below the breakdown
voltage.
For the same tail current, 5 mA, an 800 mV swing implies
, double that used for the square-law
a load resistance of
reveals that
model. A parametric sweep of device width
m and
mV at dc. The device width is over
3x smaller than that required by the square-law methodology,
product of the high-speed design by approxreducing the
imately 37% compared to the square law based design in spite
of the larger load resistance and output swing. It has a lower
small-signal gain, 2.2 dB as a consequence of soft-switching
operation. A larger value of load resistance would be required
for gain of 3 dB or higher, but that would lead to degradation in
time constant. A comparison of the two designs is summarized in Table I. The values in Table I show the following.
1) For a fixed power dissipation, a larger swing and higher
speed is possible by following the high-speed design
methodology. Note that the larger the output swing of a

1V
800

W = 54 m,
W = 17  1V =

Fig. 8. 3-D VTCs of CML circuits. (a) Square law design:
mV. (b) High-speed design:
m,
mV.

= 400

CML buffer, the lower the output common mode level. As
long as the tail transistor in the next stage is in saturation,
the low output common-mode of the previous stage should
not be a problem. For multiple input gates (such as XOR
gates used in this work; Section IV-D), stacked transistors
may cause the tail transistor to enter triode. For these
was lowered to 600 mV and a
gates, the swing
chain of 800 mV swing CML buffers were added to the
output of the gate to restore the swing back to 800 mV.
2) The high-speed CML buffers require smaller transistors
and larger resistors and hence occupy less silicon area.
Note that smaller resistances normally lead to larger
parasitic capacitance since they are normally realized by
placing several resistors in parallel. This also results in
larger wiring capacitance and larger area in the integrated
circuit. Hence, larger resistances are advantageous for
several reasons.
Until now, the VTCs discussed have been simulated at dc.
To compare the high-speed performance of the two designs, the
VTCs can be plotted at high frequencies. This is done in simulation by exciting the CML circuit with a single tone sinusoid
and observing its output. By varying the input amplitude and
measuring the output amplitude it is possible to obtain the entire VTC at any particular frequency. This data is represented
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Fig. 10. Effect of fanout, k and inductive peaking on V versus frequency
plots; fanout k
: without inductive peaking (dotted); fanout k
: with
inductive peaking (solid); fanout k
: with inductive peaking (dashed).

=15

Fig. 9. V versus frequency for a fanout,
high-speed design (dashed).

k

=12

=15

= 2; square law design (solid),

across a wide range of frequencies in Fig. 8 for the two designs
. Note that the output swings are
assuming a fanout of
normalized to
in each case. The intersection of these
results in the plots of
surface plots with the plane
for the two designs in Fig. 9. Note that
frequency dependent
for square law design, drops below 80% of its dc value at
2.5 GHz. On the other hand, high-speed CML design maintains
up to 3.7 GHz.
a
Although it provides a significant speed improvement over
the square law design methodology, the high-speed CML design
discussed so far is not suited for target speeds beyond 10 GHz
m CMOS. To further improve the speed, designers
in
can introduce inductive peaking and reduce the fan-out ratio,
. Inductive peaking [16] is commonly used to increase the
bandwidth of CML. By introducing inductors with values of
, it is possible to increase the 3-dB bandwidth
of the CML stages by 60%. Further improvement in speed can
be achieved by reducing the fan-out ratio at the expense of
power and area. As the fanout ratio is reduced, more stages are
required to provide sufficient drive strength at the output of a
versus frequency for CML decascade. Fig. 10 is a plot of
mV and
m mA
sign with
and
and peaking inwith fanout ratios of
where
ductors chosen based on the formula
and are both functions of the fanout, k. The effectiveness of
versus frequency
inductive peaking is illustrated by plotting
without any inductive peaking on the same graph for fanout ratio
. Note that for a fixed fanout ratio of
,
of
equals 600 mV at 15 and 23 GHz without and with inductive
peaking, respectively. Hence, inductive peaking improves the
large-signal speed of the CML logic by 53% in this case.
is sufBased on Fig. 10, the cascade of buffers with
ficient for those parts of transmitter system that require a signal
bandwidth up to 10 GHz. However, for clock distribution requiring 20 GHz signal bandwidth, only the cascade of buffers
is suitable. Furthermore, large inductor values
with
are used in the clock path where nongiven by
linear phase response can be tolerated in exchange for greater
bandwidth extension. Finally, since the design parameters of

Fig. 11. Block diagram of transmitter.

CML circuits are closely linked by simple design equations, a
CML cascade can be designed quickly once the fanout ratio and
the design of the first stage in the cascade are determined. The
design equations for the parameters of a CML buffer ( , ,
, and ) in terms of the preceding buffer’s parameters ( ,
, , and ) and the fanout, , are given as follows:
(10)
(11)
(12)
(13)
Temperature and process variation deteriorate the performance of the CML buffer chain and may cause the CML buffer
to operate in the attenuating region. In order to avoid this
undesired effect and ensure robustness, the entire transmitter
chip was designed using a slow process corner and at 100 C.
Process and temperature effects on CML transfer curves are
illustrated in Fig. 14 for the CML buffers used in the critical
clock path.
Device mismatch produces an offset voltage in CML buffers
[6]. If the offset is large enough, it can cause logical errors.
However, since the transmitter chip uses relatively large width
devices to ensure large current handling capacity, the resulting
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Fig. 12. Schematic of DCC stage.

mismatch-induced offset was small. Moreover, the high-speed
design methodology results in large logic levels ensuring that
transmitted bits will not be corrupted by the offset.
IV. APPLICATION TO 2-PAM/4-PAM TRANSMITTER
This section describes the application of the high speed CML
design methodology to a 2-PAM/4-PAM transmitter [11]. The
transmitter uses pulsewidth modulation based pre-emphasis
(PWM-PE) [2] to combat losses introduced by a channel at data
rates upto 32 Gb/s. The fundamental parameter that controls
the strength of pre-emphasis is the duty cycle of the clock.
Fig. 11 illustrates the block diagram of a 32/16 Gb/s
4-PAM/2-PAM transmitter with PWM-PE [11]. Input buffers
were inserted for broadband single-ended to differential conversion of data and clock inputs. A binary-to-thermometer Gray
code encoder is implemented in CML. The clock input passes
through a duty cycle control (DCC) circuit, and its output is
combined with the thermometer Gray-coded data streams at the
XOR gates to create three PWM-PE data streams. These are
each passed through a cascade of CML buffers to drive three
parallel CML differential output stages connected to a common
load. This section describes the design of each logic gate based
on the high-speed CML design methodology discussed so far.
A. Cascades of Buffers
Cascades of CML buffers are required for two reasons in this
design. Firstly, they are used to provide single-ended to differential conversion for the data and clock inputs. Secondly, they are
used to buffer the outputs of complex logic blocks (duty cycle
control, Gray encoder, XOR) which have high self-loading and,
hence, limited drive capability.
The buffers at various stages of the transmitter have different
bandwidth requirements due to their different signal contents.
,
, , , and have bandwidth requireData signals
ments of 10 GHz. Due to the broadband nature of the data signals, inductive peaking for linear phase response is used along
the data signal paths. Inductors with a value
can extend the 3-dB bandwidth of a circuit by 60% while maintaining a linear phase response up to its 3-dB bandwidth [16]. A

remains
fanout of 1.5 is the maximum for which the value of
close to the target swing of 780 mV up to 10 GHz.
Clock signals require twice as much bandwidth, 20 GHz.
Maximally flat inductive peaking is used in the clock path to
provide extra bandwidth. These inductors have a value
and can extend the 3-dB bandwidth of a circuit by
72%. The additional bandwidth is gained at the cost of nonlinear phase response. Since the clock is a single-tone, the resulting non-linear phase response is not a problem. Furthermore,
a lower fanout value of 1.2 is chosen.
B. Duty Cycle Control (DCC)
Fig. 12 is the schematic of the DCC CML circuit. The difand
, are derived from a single
ferential inputs,
off-chip control voltage by a single-ended to differential conversion circuit 1. These inputs introduce a dc offset current which
adjusts the duty-cycle of the differential clock applied at
and
. The switching differential pair has a tail current
of 16 mA while the offset differential pair has a tail current of
13 mA. The target duty-cycle tuning range is between 50% and
75%. When the offset pair is balanced, the balanced dc offset
current introduces no distortion to the switching signal. A positive differential input in the offset pair introduces offset current in the load resistance such that the zero-crossing is changed
to increase the positive duty cycle of the clock waveform. Due
to the presence of static current introduced by the offset differential pair, the extra voltage drop at the load resistors reduces
the voltage headroom available to the transistors. This issue is
addressed by reducing the output voltage swing from 800 to
600 mV. The dc bias voltages of the DCC stage in its balanced
state are shown in Fig. 12.
The output of the DCC stage also has a lower common-mode
voltage than the other CML stages. In addition, for high dutycycle settings the negative cycle of the clock is very narrow and
hence has small amplitude. This small amplitude is insufficient
to switch the subsequent CML gate. To address this issue, a
cascade of five CML stages with high gain is placed at the output
1Although the DCC is controlled off-chip in this implementation, in a final
product, an adaptation loop can be used to control the DCC through a back
channel. A possible solution has been discussed in [17].
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Fig. 13. Block diagram of DCC stage with high-gain buffers with the width of
differential pair devices labeled for each stage.
(a)
Fig. 15. Basic designs for
AND gate.

(b)

A = M L . (a) Basic AND gate. (b) Improved
1

Fig. 14. Transfer characteristics of high-gain buffers in clock path over process,
temperature and resistor variations (solid line corresponds to fast corner, 0 C
and 10% increase in resistor values; dotted line corresponds to typical corner,
75 C and normal resistor values and crossed line corresponds to slow corner,
100 C and 10% decrease in resistor values).

of the DCC stage. A block diagram is shown in Fig. 13. The five
high-gain CML stages are identical. The high-gain stages are all
m mA, to
designed with larger device width,
increase their transconductance. A low fanout of one is used to
provide high gain up to 20 GHz.
Effect of process and temperature on the transfer curves of the
high-gain CML stages are illustrated in Fig. 14. A variation of
10% in resistance values were assumed in these simulations.
Under worst case conditions, the gain remains larger than one
which ensures robust operation in the clock path.
In addition to the ability to adjust the duty-cycle of the clock
signal, the DCC circuit is also capable of turning off pre-emphasis in the transmitted data. By disconnecting the clock input
into the transmitter and applying a large dc voltage to the DCC
offset control circuit, the offset differential pair in Fig. 12 generates a sufficient dc output voltage to fully-switch the subsequent
signal (Fig. 13) applied
high-gain buffers. Hence, the
to the inputs of the XOR gates would be at a constant logic level
and would not alter the content of the input data signal, thereby
passing conventional NRZ signals to the output stage.
C. Thermometer Gray Code Encoder
The two binary input data-streams are encoded into three
equally weighted streams, A, B, and C as shown in Fig. 11.
Each of the three encoded streams drives the same load, making
their delays well-matched. The circuits of the three branches

Fig. 16. Mirrored AND topology. (a) Mirrored AND gate schematic. (b)
Block diagram of mirrored AND gate with CML buffers used as delay cells.

can be duplicated. Furthermore, note that by using Gray coding,
any level mistaken for a neighboring level results in only one
bit error. This results in a lower BER than a binary-encoded
link. The drawback is increased complexity in the encoder
logic. Combinational CML gates were designed to implement
the Gray encoding logic given in (1) to (3). A simple CML gate
that implements the logical AND in (1) is shown in Fig. 15(a)
gates, the circuit in
[13]. Unlike standard CML XOR and
Fig. 15(a) is asymmetrical in that it presents different capacitive
loads at the two differential outputs. This results in data-dependent jitter at its output, as shown in Fig. 17(a). The circuit
shown in Fig. 15(b) attempts to resolve this issue by adding
input. Nevertheless a
another differential pair on top of the
large amount of systematic jitter, about 6–8 ps, is present at the
output waveform as shown in Fig. 17(b).
The systematic jitter is mainly the result of the delay that occurs due to the mismatch between the upper switching diff pair
and the DC-biased pair. For the upper switching diff pair, the
center node is not precharged as in the case of the DC biased
diff-pair. Thus, in order to match the center nodes in terms of
pre-charge voltage, the signal at the bottom switching pair can
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Fig. 17. Simulated eye diagrams. (a) Basic AND gate of Fig. 15(a): 5.5 ps jitter (b) Improved AND gate of Fig. 15(b): 8 ps jitter. (c) Mirrored AND gate of
Fig. 16(a): 2 ps jitter.

Fig. 19. Block diagram of XOR stage with high-gain buffers.

The systematic jitter improvement from 5.5 to 8 ps to 2 ps using
this Mirrored AND gate topology is shown in Fig. 17(c).
All three logical expressions in (1)–(3) may be written as logical AND operations and, hence, use the same topology and device sizes to match their delays.
D. XOR

Fig. 18. Schematic of XOR stage.

be applied earlier than the upper switching pair. Simulations reveal that the systematic jitter can be reduced by delaying the
inputs to the upper switching pair by 3–4 ps. Fortunately, the
intrinsic gate delay of a CML buffer is in the range of 3–4 ps,
and can therefore be used to provide the required delay. Thus, a
new topology with identical MSB and LSB data path is achieved
by dividing the circuit in Fig. 15(b) into two identical parts
and mirroring the top and bottom differential pairs inputs. The
schematic of this design is shown in Fig. 15(b). Note that an
early version of the LSB input is applied to the bottom differential pair with the MSB on the top differential pair on the left half
of the circuit, and the reverse for the right half of the circuit resulting in a more symmetric design. The block diagram is shown
in Fig. 16(a). This more symmetrical implementation of logical
AND has an additional benefit that any small skew between the
MSB and LSB streams would have less impact on the overall
systematic jitter at the output compared to a design without the
mirrored topology. Simulated eye diagrams at the output of the
gate [Fig. 15(a)], Improved
gate [Fig. 15(b)]
Basic
gate [Fig. 16(a)] are shown in Fig. 17.
and the Mirrored

The design of the XOR gate is challenging since it generates the PWM-PE signal with increased high-frequency content.
Fig. 18 is the schematic of XOR CML gate, with annotated bias
voltages and currents. Again the output swing is reduced from
800 to 600 mV by reducing the load resistance. The lower load
time constant at the critical output
resistance reduces the
node of the XOR gate. Along with inductive peaking and a low
fanout to the subsequent CML buffer stage, sufficient bandwidth
for the PWM-PE signal is maintained. Similar to the design of
buffers were used at
DCC stage, high-gain low-fanout
the output of XOR CML circuit as shown in Fig. 19. They restore
the output waveform to a full voltage swing of 800 mV.
E. Output Driver
The last circuit component in the overall design is the output
driver. The primary functions of the output driver are to provide
a large output swing and to combine the three PWM-PE data
streams to form the 4/2 PAM output waveform with PWM-PE.
The transmitter is designed for use in a doubly terminated
75- dc-coupled link. However, during testing an oscilloscope
serves as the receiver and must be protected by a dc-blocking
capacitor. Hence, a bias tee is introduced to provide a dc path for
the additional bias current required by the output stage. Together
with an external 75- resistor as shown in Fig. 20, it emulates
the dc path that would be provided by a dc-coupled receiver.
To accommodate the large supply voltage, a cascode
topology was chosen [18], [19]. The cascode devices prevent
breakdown by shielding the input differential pair from excessive drain–source voltages and also reduce the input Miller
capacitance. The performance of the output driver is very
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Fig. 20. Schematic of output driver.

Fig. 21. Die photograph of transmitter.

sensitive to the value of the gate bias on the cascode devices,
. It is important to bias the cascode devices so that
, never exceeds the breakdown
their drain–source voltage,
is an input reference
limit of 1.6 V during operation.
voltage taken from off-chip with a value of 2-V. The high
output swing can be reduced for low-loss channels by reducing
the tail current of the output driver via the gate bias voltage,
provided as an external input to the chip.
V. MEASUREMENTS
Measurement results of the fabricated design are detailed
in this section. All measurements were performed on-wafer.

Fig. 21 is a die photo of the transmitter. The prototype transmitter integrates 165 spiral inductors and 80 CML gates into a
mm
mm. The design was implemented
die area of
m technology. CMRF8SF technology
in IBM CMRF8SF
provides 8 layers of metal with three thick copper and two thick
aluminum layers. All devices in CML differential pairs have
m. Inductors are impleminimum drawn gate length of
mented using the 4th and 5th metal layers. Load resistors in
the CML circuits are implemented in a special metal resistance
layer. Where possible, neighboring metal layers are used to
and ground to ensure low series resistance and
distribute
increase decoupling capacitance for the supply voltage.
The total power consumption is 1.58 W. With a tail current of
50 mA, the output driver consumes 150 mW from a 3-V supply.
The remaining 1.43 W is consumed from the 1.8-V supply, of
which 35% is consumed by the clock distribution, 37% by the
encoder, and the rest for the generation and buffering of the
PWM-PE data.
In the test set-up, an off-chip phase shifter was used in the
clock path to align the clock with the data at the input of the
XOR stages. A re-timer flip flop in front of the XOR stage using
the clock signal would solve this practical problem, and significantly improve the output eye.
patterns were used for both the LSB
Skewed PRBS
and MSB inputs in all measurements. The SMA cable and concharacteristic impedance, but the terminanectors have a
coaxial cable;
tions in the Tx circuits are designed for a
hence, some reflections appear in the eye diagrams.
A. 2-PAM Measurements
For testing in 2-PAM mode, the LSB input is terminated to
ground. Fig. 22 illustrates the effect of duty-cycle control on
binary (2-PAM) transmit mode. An external control voltage of
0 V yields 50% duty-cycle whereas a voltage of 0.56 V provides
76.3% duty-cycle as shown in Fig. 22(a) and (b). High control
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Fig. 22. Transmitter output eye diagrams at 16.25 Gb/s in binary transmit mode: Duty-cycle control.

Fig. 23. Transmitter output eye diagrams at 16.25 Gb/s in binary transmit
mode: Amplitude control at 50% duty-cycle.

voltages result in the NRZ output signal shown in Fig. 22(c). In
NRZ mode, the clock is totally switched to one side and the twolevel CML logic circuit (XOR) is made to work as a single-level
CML buffer stage. Systematic jitter is clearly visible in NRZ
mode of transmission. This is due to the asymmetrical nature of
the CML combinational logic gates in the thermometer Graycode encoder and skew in signal paths on chip. The transmitter
output has better jitter performance with PWM-PE, as the clock
signal realigns transitions at the XOR gates. The output swing of
the transmitter can be controlled by an external bias current that
is mirrored to the tail current of the cascode output stage shown
in Fig. 20. The eye diagrams shown in Fig. 23 are obtained by
adjusting the total tail current of the output stage from 100% to
25% of the maximum while keeping the duty-cycle at 50%.
To determine the loss compensation capacity of the transmitter, a 30-m-long coaxial cable channel was used. Fig. 24(a)
shows the measured transfer characteristics of the channel. The
channel had a loss of 30.3 dB at 8.125 GHz (i.e., half the bit-rate
of 16.25 GHz). Fig. 24(b) illustrates the transmitter output in binary mode with 53.2% duty-cycle. The corresponding channel
output eye diagram is shown in Fig. 24(c). The output waveform
has an eye amplitude of approximately 30 mV. The BER bathtub
measurements were taken
curve is shown in Fig. 24(d).
with
and the oscilloscope extrapolated a BER better than
approximately 0.25 UI margin at the channel output.

Fig. 24. Transmitter measurement results at 16.25 Gb/s with binary mode of
operation.

B. 4PAM Measurements
In 4PAM mode, both MSB and LSB inputs are used. Effect
of duty cycle variation on 4-PAM transmit mode is shown in
Fig. 25. Similar to binary transmit mode, jitter is much greater in
NRZ mode than with PWM-PE. In addition to the asymmetrical
nature of the CML AND & OR gates in the thermometer Graycode encoder being a contributing factor to the jitter, any skew
between the MSB and LSB signal paths also contributes to the
overall jitter performance.
The frequency response of the channel, which consists of six
sections of 1-meter long SMA cables and the corresponding
connectors, is shown in Fig. 26(a). For a data rate of 32.5 Gb/s
(16.25 GSymbol/s), at half the output symbol rate (8.125 GHz),
the channel had a loss of 8.9 dB and at half the bit-rate
(16.25 GHz) it has a loss of 17.2 dB as shown in Fig. 26(a).
By manually adjusting the duty-cycle of the transmit pulse, and
thus the amount of pre-emphasis of the transmitter output, it
is possible to obtain an open eye at the output of the channel.
Fig. 26(b) illustrates the transmitter 4PAM output with 64%
duty-cycle. The corresponding channel output eye diagram is
shown in Fig. 26(c). Since the output eye is over-equalized, the
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Fig. 25. Transmitter output eye diagrams at 32.5 Gb/s in 4-PAM transmit mode: Duty-cycle control. (a) 4-PAM output eye with 50% duty cycle. (b) 4-PAM output
eye in NRZ mode.

Fig. 26. Transmitter measurement results at 32.5 Gb/s with 4-PAM mode of operation. (a) Channel characteristics. (b) Output of transmitter with 64% duty cycle
(vertical scale = 200 mV/div). (c) Output of channel with 64% duty cycle (vertical scale = 200 mV/div).

TABLE II
COMPARSION OF 2-PAM TRANSMITTERS.

provided in Table III. This transmitter is the first to incorporate PWM-PE in 4-PAM in addition to being the fastest
4-PAM transmitter in CMOS reported to date. The capability
to switch between 4-PAM and 2-PAM, adjustable pre-emphasis
(50%–75% duty-cycle, or NRZ), and adjustable output amplitude makes it suitable for use in a wide range of electrical
wireline links.
VI. CONCLUSIONS

TABLE III
COMPARSION OF 4-PAM TRANSMITTERS.

maximum DC levels are basically reduced to the inner-eye for
the 4-PAM signal in Fig. 26(c).
Table II compares this work with current state-of-the-art
CMOS binary transmitters. Its loss compensation is amongst
the best for binary transmitters, but the power consumption
is much higher because pushing the CMOS technology to its
limits necessitated the use of very low fanout CML design.
A comparison with published CMOS 4-PAM transmitters is

CML design methodology is typically based on a square law
MOSFET model. However, the square-law design methodology
leads to designs that are too conservative for high-speed operations. By relaxing the requirement for the switching transistors to operate in saturation region at all times and relaxing the
requirement of full-switching, faster CML circuits can be designed. This approach is used to design the CML gates in a
2-PAM/4-PAM CMOS transmitter incorporating PWM-PE. The
transmitter can operate upto data rates of 16 Gsymbols/s with
per side and can compensate upto
an output swing of
30 dB loss at 8-GHz in binary mode. In 4-PAM mode, the designed transmitter achieves the largest swing and speed reported
to date.
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