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A High-Speed PAM2 and PAM4 Voltage-Mode
Transmitter With Auxiliary Push-Pull
Current-Mode Swing Enhancment

Hanson Liu, Eamon Lee, Ethan Tran

I. INTRODUCTION

IVEN the rapid explosion of data traffic in mod-

ern data centers, the emergence of large-scale ar-
tificial intelligence workloads, and the increasing power
demands of large computing infrastructure, there is strong
motivation to find ways to push the transmit speed of
digital data. In particular, chip-to-chip wireline communi-
cation has become increasingly critical, as the majority of
data movement within and between data centers occurs
over high-speed electrical and optical I/0’s rather than
wireless links.

However, in addition to the pursuit of pushing speed,
the concern of power efficiency remains a critical design
constraint in high-speed wire-line design. While reduc-
ing transmit power is critical to improve overall energy
efficiency, sufficient signal integrity must be maintained
to ensure the receiver can properly function. Particular-
ily, the signal provided by the transmitter must provide
an adequate signal-to-noise ratio (SNR) at the input of
the receiver despite attenuation from the channel, inter-
symbol interference (ISI), additive random noise, and
additive random jitter. This presents the trade-off between
power consumption and link performance, and is the
motivation to explore different transmitter architectures
that maximize output swing and signal quality per bit per
unit power.

This report presents a hybrid voltage-mode transmit-
ter complemented with an auxiliary push-pull current-
mode (CM) swing enhancement stage, which improves
transmit eye height degraded by channel-induced high-
frequency loss. Due to the hybrid nature of the design,
equalization can now also be implemented in voltage and
current-mode. However, the available current in the CM
stage is limited by the headroom provided by supply.
To address this constraint, a high-speed level shifter is
introduced to relax the headroom requirement, enabling
increased current injection and, consequently, larger out-
put swing. This enhancement, if done correctly so that
it is not the main bottle-neck of the link, will therefore
support even higher achievable data rates. Furthermore,
the proposed design targets high tap resolution, enabling
finer control over equalization as the data rate increases.

Fig. 1. SST Transmitter With Differential Termination

II. DEsiGN oF THE PAM2 SST DRIVER

The most basic implementation of a voltage-mode
(VM)/source-series terminated (SST) transmitter consists
of switches driven by the input data stream that pull the
output either to a logic high or a logic low. For low-
swing applications, both the switching function and the
resistive termination can be realized using a single n-
channel device. However, in high-swing VM architectures,
the pull-up and pull-down paths can be implemented
using pull-up and pull-down switches in combination
with series resistors, as shown in Fig. . In this case,
the effective output impedance, consisting of the sum of
active and passive terminations, is designed to match the
characteristic impedance of the channel, Z.

There are several reasons why one would opt to include
the extrinsic resistor. First and foremost, it’s hard to
achieve a large enough resistance on the switch when
designing for high feed-forward equalization (FFE) tap
resolution. Furthermore, there is a non-linearity that
comes with the resistance of an active device switch, as
any changes in the drain to source voltage could affect
the resulting resistance seen looking into the output of the
device. Therefore, the optimal design philosophy when it
comes to designing a fast SST transmitter is to design the
switches to be as fast, and therefore small as possible,
while still maintaining a series resistance that is large
enough to counteract the linearity issue.
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There are two primary benefits of a voltage-mode driver
topology compared to a current-mode driver. One key ad-
vantage is that the transceiver exhibits an average power
consumption of +V3,Z, with a differential termination,
compared to 3V3,Z, for a current-mode driver with
differential termination. Another benefit of the voltage-
mode driver is that its output impedance is inherently on
a first order matched to the characteristic impedance of
the channel.

Upon inspection of Fig. , we can see that for a
differentially terminated SST transmitter, the maximum
swing we can achieve is Vpp ppa-

max (vj,/*) = Vpp - % = 0.75Vpp
min (V;Q/‘> —Vbp - 20— 0.95Vpp
270 + 270
When D = logic “1”, Vg = 0.75Vpp — 0.25Vpp
= 0.5Vpp
When D = logic “0”, Vixq = 0.25Vpp — 0.75Vpp
= —0.5Vpp

er,ppd = VDD,ppd @)
In order to prevent eye closure and meet stringent eye-
height specifications based on a required SNR, this paper’s
take on swing-enhancement is introduced in the next
section. The SST transmitter in this report is implemented
with a simple inverter switch with resistance R,,, tied in
series to an extrinsic poly-resistor R., designed to meet a
ratio of Iiil = 3 for improved linearity and speed. On its
own, the SST driver can reach speeds up to 12Gbps before
compression from the channel prevents the optical eye
seen at the receiver from meeting a minimum eye-height
and aperture to meet a bit error rate (BER) of 1072,

III. AuxiLiIARY CURRENT-MODE DRIVER

The previously presented SST driver is now complemented
with a current-mode logic (CML) push-pull driver as
shown in Fig. , which serves to source and sink current
simultaneously from the differential output nets depend-
ing on the data pattern.

The reason why this driver works is due to the concept
of superposition, as the output voltage consists of the com-
bined contributions from the SST driver, which establishes
a baseline through resistive voltage divider of the supply,
and the CML driver, which injects a differential current
into the termination network. The superposition of these
effects results in an increased differential output swing at
the output of the transmitter.

One important feature of this hybrid VM-CM driver is
that the current-mode (CM) stage does not require explicit
common-mode feedback (CMFB) to operate correctly. This
is because the differential outputs of the CM driver see a

VDDH

Fig. 2. Hybrid Transmitter featuring CM driver for swing-enhancement

low impedance in common mode set by the small termi-
nation resistance of the SST stage, which keeps the output
common-mode voltage well defined. As a result, any
mismatch in the branch currents produces only a small
perturbation in the output voltage, and thus the common-
mode level remains well defined without the need for ded-
icated CMFB circuitry. However, the presented design uses
controlled biasing using scaled replica circuits of the trans-
mitter, in which the tail current source bias voltages are
regulated through feedback loops implemented with two-
stage, low-side Miller-compensated OTAs designed for
55 dB midband gain and a 60 MHz unity-gain bandwidth.
The replica circuits generate the appropriate bias voltages
by enforcing the desired common-mode operating condi-
tions, and these bias voltages are subsequently copied to
the main driver. This feedback mechanism ensures that
the output common-mode voltage of the transmitter is
consistent across different process corners.

Another nice feature of the CML’s is that their
impedance does not affect the overall driver impedance,
since the input of the channel will see a large output
impedance of the current source in parallel with the small
impedance of the SST driver.

Upon inspection, it can be inferred that for every 1mA of
current supplied and sinked from the differential output,
there is an extra 100mV,,q that can be added to the
swing, assuming a 50Q termination. This naturally raises
the question: Why can’t the source currents be further
increased to maximize the achievable swing?

First and foremost, the CM is implemented with
current-steering switches that steer the tail current
sources to the differential output depending on the data
pattern, which means that it'll be a constant source of
static power consumption. Secondly, there are diminish-
ing returns in increasing the transmitter’s swing, since
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Fig. 3. Type-1 High-Speed Level Shifter

the channel loss scales in dB with frequency. Therefore,
any additional voltage swing provided at the transmitter
is exponentially attenuated, so incremental increases in
swing do not translate to meaningful improvements at the
receiver and will eventually degrade energy efficiency.

Thirdly, and most important of all, the main limitation
on how much current you can use is actually the head-
room provided to the tail current sources by the supply.
To highlight the issue of headroom, consider the case
of PAM2 with differential termination, 64 slices, and a
Vpp = 1V supply.

From the previously derived results in Eq. |1, one differ-
ential output on the transmitter side is 750 mV, while the
other is 250 mV. If a total current of I, = 3 mA is selected,
these values become 825 mV and 175 mV, respectively.

Assuming a switch resistance of Rgyien = 1.5kQ, the
resulting node voltages Vs, and Vs, on Fig. |2| are:

3mA
Vgp = 825mV + o1 1.5k =~ 900 mV

3mA

From this analysis, it can be concluded that the tail
current sources have only 100mV of headroom to remain
in saturation. One potential approach to address this lim-
itation is to increase the supply voltage. However, doing
so necessitates the use of a high-speed level shifter, as the
logic levels generated by the PRBS source are constrained
to OV and 1V. Without level shifting, the increased supply
voltage may prevent certain p-channel devices from fully
turning off, and may also introduce reliability concerns
for devices not rated for Vg or Vpg exceeding 1V.

IV. HiGH-SPEED LEVEL SHIFTER

The level shifter implemented in this work shown in Fig.
is a Type-1 cross-coupled latch inverter. The operation
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Fig. 4. Multi-Slice Implementation of Hybrid Transmitter for FFE

begins with an inverter supplied by the original supply
rails, Vppjow and Vggiow, which drives a cross-coupled
differential latch pair. This latch utilizes positive feedback
to shift the output levels to the higher supply domain,
Vb high and Vs nigh-

The inverter stages and cross-coupled latch are de-
signed with minimum channel length while maintaining
equal drive strength. Since the delay of the cross-coupled
latch pair is proportional to z%.’ increasing the transistors
transconductance reduces the effective time constant asso-
ciated with node transitions, thereby improving the speed
of level conversion.

Simulations show a rise time of 15.6 ps and a fall time
of 13.13ps, resulting in a total delay of 28.73ps. This
indicates that for data rates up to 35 Gb/s, the level shifter
is not expected to be the bottleneck of the link.

Since the level shifter is required to drive 64 slices of
the hybrid driver, its intrinsic drive strength is insufficient
if directly connected. To address this, a pre-driver chain
of inverters is introduced, designed with a fan-out of 4 to
ensure adequate drive strength while maintaining high-
speed operation.

V. EQUALIZATION

As the data rate increases, equalization becomes neces-
sary to counteract the frequency-dependent loss of the
channel, which increasingly attenuates the high-frequency
components of the signal and leads to intersymbol inter-
ference (ISI). A common approach to mitigate this effect
is feedforward equalization (FFE), which can be modeled
as a discrete-time finite-impulse-response (FIR) filter op-
erating at the symbol rate. Qualitatively the FFE acts as a
form of predistortion, shaping the transmitted waveform
such that channel-induced distortion is compensated at
the receiver.

In CM implementations, equalization is achieved by
steering different amounts of current across multiple slices
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Fig. 5. Simulated MATLAB Pulse Response After 4-Tap FFE

to realize the pre-cursor, main-cursor, and post-cursor tap
weights, with contributions summed in parallel at the
output. In contrast, VM FFE implemented weights taps
by segmenting the driver into multiple slices with appro-
priately scaled output impedances, thus adding voltage
contributions “in series”. If done correctly, the total num-
ber of slices remains constant, ensuring that the effective
output impedance seen by the channel is still maintained
at Zy. Because the presented design in this report is
a combination of the two, each slice associated with a
given tap coefficient simultaneously contributes through
both series (voltage) and parallel (current) summation
mechanisms, as illustrated in Fig. . This hybrid opera-
tion preserves full flexibility in implementing equalization
without compromising control over the tap weighting.

This work employs a zero-forcing (ZF) equalization
approach, where the tap coefficients are selected such
that the pre-cursor and post-cursor ISI components are
ideally driven to zero at the sampling instants, as shown
in Fig. |5 These coefficients can be obtained through
multiple methods. One approach is to simulate the pulse
response of the combined transmitter and channel, sample
it at the symbol rate, and solve for the coefficients under
the ZF condition. Alternatively, the channel impulse re-
sponse can be extracted from the provided S-parameters
using external tools such as the MATLAB SerDes Toolbox,
and the coefficients can then be computed algorithmically
for a target data rate. Both approaches were utilized in
this work to derive the FFE tap coefficients.

VI. PAM4 DESIGN

This report also features a PAM4 design of the same hybrid
architecture that was designed for PAM2, as shown in
Fig. @ . There are several clear new differences in order
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Fig. 6. PAM4 Hybrid Design

to achieve PAM4. First and foremost, the four different
voltage levels for the PAM4 must now be created with a
specific voltage divider network that equally adds up the
contribution from the MSB and LSB datastream respec-
tively.

Compared to PAM2, PAM4 receives much more benefit
from swing enhancement due to the multilevel nature of
the modulation scheme. To implement swing enhance-
ment, a similar case of creating the voltage levels is
shown in the following figure, where now different levels
of current is sourced/sinked depending on what values
the MSB and LSB datastream values are provided to the
current steering switches.

Although Linearity is less critical in PAM2, where only
two output voltage levels are required, issues of nonlinear-
ity becomes significantly more critical in PAM4 due to the
need to generate the two intermediate levels. Therefore,
to properly design a PAM4 transmitter, several sources of
nonlinearity must be considered.

One such source arises from the SST driver: if the
external termination resistance is not sufficiently larger
than the on-resistance of the switching devices, different
data patterns will produce varying output voltage levels.
This occurs because the effective switch resistance de-
pends on the drain to source voltage of the transistors,
which varies with the output voltage, leading to signal-
dependent nonlinearity.

Another significant source of nonlinearity arises from
the CM driver. Similar to the SST driver, different bit
combinations produce different differential output voltage
levels, which in turn modulate the drain to source voltage
of the tail current source devices. As a result, the current
sources may deviate from ideal behavior if sufficient volt-
age headroom is not maintained. This creates a design
tradeoff: the current-steering switches must be kept small
to support high data rates, but reducing their size limits
the voltage headroom available to the tail current sources.
Furthermore, since the current sources are then naturally
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PAM2 Eye Diagram
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Fig. 7. PAM2 RX input eye diagrams meeting additive random noise and jitter specifications for: (a) Vpp = 1V design without level shifters, (b)

Vpp = 1.3V design with level shifters.
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Fig. 8. PAM4 RX input eye diagrams meeting additive random noise specifications for: (a) Vpp = 1V design, (b) Vpp = 1.3V design

operating near the edge of saturation, their output cur-
rent becomes dependent on the drain to source voltage,
resulting in data-dependent nonlinearity. This shows up
in performance as uneven spacing between PAM4 levels,
where intermediate levels (e.g., (MSB, LSB) = (1,0) and
(0,1)) may exhibit larger than ideal magnitudes compared
to the intended uniform step size based on the full scale
of the supply.

There are several ways the presented design aimed
to counteract this degradation in Ratio Level Mismatch
(RLM). First and foremost, the extrinsic resistor is de-
signed to be much larger in scale compared to the switch
resistance, thus reducing the nonlinearity of the VM trans-
mitter. Furthermore, the supply was increased to a voltage
of 1.3V, providing the CLM with more headroom in order
to be more agnostic of variations in different data patterns.

Another critical impairment introduced by PAM4 is
the significantly reduced deterministic jitter budget PAM4
allows for in comparison to PAM2. Unlike PAM2, where
the data transitions from logic high and logic low are
very close in transition time, PAM4 has several different
possible transition types between symbols. Each transition
will experience a different time due to varying voltage step
sizes and driver conditions, leading to timing variations
depending on the transmitted bit pattern. Furthermore,
channel bandwidth limitations further exacerbate this
issue, as the inner eye transitions are now also suscep-
tible to different ISI. Because of these reasons, there will
unavoidably be far more deterministic jitter and reduced
timing margin at the receiver.
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TABLE I
PERFORMANCE SUMMARY OF THE PROPOSED TRANSMITTERS.
Design VDD | Tap Resolution | Max Rate | BER (w/ add. Noise) | BER (w/ add. Jitter) Energy
/ # of Taps

PAM2 1V | 6 bits / 4 taps 16 Gb/s 10—12 10—12 0.71 pJ/bit
PAM2 w/ HS Level | 1.3V | 6 bits / 4 taps 18 Gb/s 10—12 10—12 3.5 pJ/bit
Shifters

PAM4 1.3V | 5 bits / 3 taps 20 Gb/s 10—12 3.3x 1073 0.65 pJ/bit

VII. REsuLTs

The performance targets used to evaluate the transmit-
ter are based on receiver (RX) input requirements for
a specific bit-error rate. Specifically, the RX input eye
sensitivity is 20mV,pq at a BER < 107!2 under additive
voltage noise o, = bmV;ns, and the RX input eye aperture
time is 0.3Ul,,q at BER < 107'? under additive random
jitter o gy = 0.035Ul,s. Since additive noise and random
jitter are not capturable in simulation, these specifications
instead define the minimum required eye height and eye
width, and the transmitted eye is evaluated against these
targets to ensure sufficient margin. Simulated RX eye
diagrams of the fastest possible data rate the presented
PAM2 and PAM4 transmitters was able to meet is shown
in Fig. |7| and Fig. , respectively.

The results for the PAM2 and PAM4 transmitters, shown
in Table I, are obtained through simulation in Cadence
Virtuoso using ideal PRBS10 signal generators with ideal
delays for the different weighted FFE taps. In practice,
the inclusion of non-ideal PRBS generators and serializa-
tion circuitry (e.g., 2:1 serializers, 4:1 serializers) would
introduce additional deterministic jitter, thereby reducing
the maximum achievable data rate. It is important to note
that, due to the limited jitter margin in PAM4, achieving
the target BER requires more careful control of equal-
ization that the presented design could not achieve. As
such, the reported PAM4 BER based on the specification’s
additive jitter is simulated at the data rate at which the
simulated eye diagram meets the minimum RX input eye
height specification.

As expected for a voltage-mode transmitter, the pro-
posed design demonstrates strong energy efficiency com-
pared to traditional current-mode (CM) transmitters,
which typically exhibit energy consumption that is many
times higher than the values reported in this work.

The primary contributor to power consumption in the
proposed architecture is the static current drawn by the
auxiliary CM driver. This is further increased in the config-
uration with high-speed level shifters as reflected in Table
I, as CM driver were designed to source and sink up to
7mA to maximize output swing. Despite this increase, the
required current remains significantly lower than that of
conventional CM transmitters, which may require up to
40mA of total current to achieve a differential swing of
1Vppa across the transmitter and channel impedance.

VIII. CONCLUSION

This work presents a hybrid voltage-mode/current-mode
(VM-CM) transmitter architecture that leverages the ef-
ficiency of SST-based voltage-mode operation while in-
corporating an auxiliary current-mode stage for swing
enhancement without sacrificing the inherent impedance
matching and energy efficiency advantages of voltage-
mode drivers. Headroom constraints on the tail current
sources of the CM driver was addressed through the in-
troduction of a high-speed level shifter, enabling increased
current injection and increased headroom.

Simulation results demonstrate that the proposed PAM2
transmitter achieves data rates up to 18 Gb/s while
meeting receiver eye requirements under noise and jitter
constraints, with competitive energy efficiency compared
to conventional current-mode transmitters. A PAM4 ex-
tension of the architecture was also explored, highlighting
both the benefits of swing enhancement and the increased
sensitivity to nonlinearity and deterministic jitter inherent
to multilevel signaling.

Overall, the presented hybrid VM-CM approach pro-
vides an effective trade-off between power efficiency,
output swing, and equalization flexibility, making it a
promising solution for high-speed short-reach wireline
communication links in data center environments and
modern serial I/0 interfaces such as memory, peripheral,
and chip-to-chip interconnects.
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