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A 64-Gb/s/pin 0.25-pJ/b Single-Ended Short-Reach PAM4

Transceiver in 28-nm CMOS
Kshitiz Tyagi, Member, IEEE, Kunbo Ma, Joung Won Park, Member, IEEE, and Behzad Razavi, Fellow, IEEE

Abstract—We present a transceiver architecture for single-
ended PAM4 signaling, introducing an inverter-based active-
inductor terminated front-end that obviates the need for further
equalizer stages, substantially reducing power and area. Realized
in 28-nm CMOS technology, the 4-lane link operates at 64
Gb/s/pin with a bit error rate less than 10-12 while consuming
only 0.25 pJ/b (0.2 pJ/b at 50 Gb/s) from a 1-V supply, and
achieves bandwidth density greater than 28 Tb/s/mm2.

Index Terms—chiplets, die-to-die links, short-reach
transceivers, PAM4, wireline communications.

I. INTRODUCTION

THE push toward higher throughput rates in chiplets has
motivated extensive work on signaling schemes over a

single wire [1]- [4]. In principle, the rate per wire can be
doubled through the use of bidirectional links [1]- [4], but
the “hybrid” circuit necessary for suppressing the transmitted
signal at the receiver (RX) input typically incurs several dB
of loss [2]. Moreover, the hybrid’s incomplete cancellation
of the TX signal leads to an SNR penalty for the RX. In
this brief, we instead consider employing unidirectional PAM4
signaling, and propose a compact, scalable, and low-power
link architecture that operates robustly with a bit error rate
(BER) < 10−12 at 64-Gb/s.

This article is organized as follows: Section II describes the
challenges associated with single-ended PAM4 signaling over
interposers, Section III introduces our proposed transceiver
architecture, Section IV presents the measurement results, and
Section V concludes the paper.

II. CHALLENGES WITH PAM4 SIGNALING

The principal challenge facing PAM4 in a single-ended
channel arises from the driver nonlinearity. Consider, for
example, the scenario depicted in Fig. 1(a), where the TX
inverter-based DAC provides proper back termination and the
RX incorporates a linear termination resistor, RT. As illustrated
by the simulated eye diagram in Fig. 1(b), the PAM4 data is
severely distorted. The top and bottom eyes are compressed
because the transistors generating the highest and lowest levels
enter the triode region. Fig. 1(c) depicts this effect for VRX ≈
0.7 V. The arrangement in Fig. 1(a) merits two more points.
First, the dc resistance of the channel degrades the voltage
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Fig. 1: (a) Channel terminated with linear resistor at the
receiver, (b) simulated eye diagram, and (c) state of driver
transistors when output is at maximum level.

swing by about 140 mV. Second, Vb should be in the vicinity
of VDD/2 for optimum performance but it must also sink or
source about 5 mA (for an RX signal swing of 0.5 Vpp and 50-
ohm termination in RX), requiring its own power/area-hungry
generation circuit.

III. PROPOSED TRANSCEIVER

With these observations in mind, we propose the conceptual
front end depicted in Fig. 2(a), where the TX drives the
channel with a current source to avoid its dc resistance, and
the RX post-distorts the PAM4 signal. The proposed RX front
end must satisfy two conditions: (a) it must robustly correct
for the TX nonlinearity across PVT corners so as to maintain
equal PAM4 eye heights, and (b) its input resistance, Rin,
must create matching without the power penalty mentioned
for Vb in Fig. 1(a). Both are achieved as illustrated in Fig.
2(b). Here, Inv3, with its input and output shorted, operates as
a diode-connected device and hence post-distorts the PAM4
signal generated by Inv1 and Inv2. This correction can be
explained intuitively as follows. The incremental impedance
of Inv3, Rin, in fact increases as VA departs from VDD/2,
compensating for the reduced transconductance of Ma in Fig.
1(c). The simulated Rin is shown in Fig. 2(c). Inv3 terminates
the line while drawing only a supply current of 1.4 mA1.

For a symbol rate of 32 Gbaud, the bump, ESD, and RX
input capacitance, denoted by C1 in Fig. 2(b), degrades the
input return loss and the bandwidth at node A. We improve

1A generation circuit for Vb is avoided as Inv3 is self-biased
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Fig. 2: (a) Conceptual view of proposed transceiver, (b)
implementation using diode-connected inverter at RX, (c)
input resistance of diode-connected device as a function of the
RX voltage, and (d) performance enhancement using active-
inductance.

both by transforming Inv3 to an active inductor [5], as shown in
Fig. 2(d). We have ZL ≈ (RACAs + 1)/(CAs + Gm3), where Gm3
is the transconductance of Inv3. As shown in [6], this leads to
an equivalent inductance of about RACA/Gm3. The dimensions
and bias current of Inv3 determine the low-frequency match,
and CA and RA set the effective inductance to optimize the
high-frequency performance in view of C1. For C1 = 80 fF,
we plot the effective channel loss in Fig. 3(a) with CA and
RA set to their minimum and maximum values, noting an
improvement of 4 dB at 16 GHz (the dc loss is 2.5 dB due to
the channel resistance). We also plot the received eye in Figs.
3(b) and (c) for the two cases, observing the significant role
played by the active inductor in improving the performance.
No further equalization is therefore necessary. We also note
that, compared to the conventional current-mode circuits, e.g.,
continuous-time linear equalizers, the inverter-based design is
more compact, draws less power, provides higher linearity, and
scales better with process technology [5].

The robustness of the proposed front end is evaluated by
monitoring the worst-case eye height across process corners.
Shown in Fig. 3(d), the results suggest a variation from 125
mV to 152 mV. Including supply and temperature variation, the
minimum eye height is found to be 110 mV, which provides
ample margin for BER < 10−12. The overall link architecture
is depicted in Fig. 4. The TX serializer is driven by a half-rate
type-I PLL. The 16-GHz differential clock is also forwarded to
the RX. Two sets of slicers detect the received PAM4 signal
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Fig. 3: (a) Channel loss with zero and maximum active
inductance, (b) simulated eye diagram with zero inductance,
(c) simulated eye diagram with maximum inductance,

and (d) min. eye height across process corners.

64 Gb/s

CK

PLL

16 GHz

To other TX lanes To other RX lanes

Phase

 Shift

Phase

 Shift

 

Even and Odd slicers

CK

1D

D64

64:32 2:1

MSB

LSB

2x

1x

16 GHz

Fig. 4: Overall architecture of the proposed transceiver.

on the rising and falling edges of the clock. The prototype
consists of four data lanes and one clock lane.

Another key concept employed in this work is to minimize
the complexity and hence area of transceiver circuits, leading
to two critical advantages. First, the bandwidth density (in
Tb/s/mm2) is boosted by a factor of 5.3 compared to the
prior art [4]. Second, more importantly, the compact floor
plan and short interconnects reduce the clock network power
consumption substantially. This power amounts to 0.08 pJ/b
in [2] but only 0.03 pJ/b in our work.

Our complexity and power reduction strategy consists of
four principles. First, the two 64-to-1 serializers in the TX
incorporate quadrature clocks to obviate the need for any
latches [7]. This approach saves power in both the data and
clock paths. Second, the RX employs simple programmable
delay lines, rather than phase interpolators, to adjust the
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Fig. 5: (a) Channel model including impedance discontinuity,
(b) simulated normalized frequency response at TX output and
RX input,(c) simulated normalized pulse response at RX input,
and (d) simulated RX eye diagram with (red) and without
(blue) inclusion of the discontinuity, revealing less than 4%
degradation in the heights.

phase of the forwarded clock2. Third, the exclusive use of
C2MOS logic throughout the transceiver greatly reduces the
circuits’ footprints. Fourth, the MSB and LSB line drivers
rely on the inverters’ on-resistance to provide proper back
termination, avoiding resistors in series with the transistors.
This PVT-dependent resistance proves adequate for suppress-
ing secondary reflections because the highly resistive channel
“smoothes” out the frequency response in the presence of
impedance discontinuities. As shown in Fig. 5, a discontinuity
that increases the first postcursor by 20%, and causes a dip,
affects the overall response and eye diagram negligibly. Figure
6 plots the simulated TX and RX return loss, displaying
moderate matching up to the Nyquist frequency. We make
two remarks. First, the active inductor, in fact, improves the
input match in the presence of the RX input capacitance.
According to simulations, |S11| would only be about −2 dB
at 16 GHz without the active inductor. Second, an |S11| of
−7.5 dB is tolerable here because the high resistance of the
channel (≈ 38Ω) tends to suppress secondary reflections.

The RX shown in Fig. 7 merits two more remarks. First,
the slicers are based on the double-tail topology [8], with the
middle and top eye slicers using NMOS input pairs and the
bottom one, a PMOS pair. They exhibit a sensitivity of 16 mV
at 16 GHz and an input-referred noise of 1 mVrms. For a BER
< 10−12 and a minimum eye height of 110 mV, we obtain a
margin of 70 mV for supply noise and crosstalk. Second, for
ease of testing, we recombine the slicer outputs by a current-
mode DAC and deliver the resulting PAM4 signal to off-chip
instrumentation.

2the delay is adjustable over a 1-UI range, and the optimal code is selected
at startup through foreground calibration
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Fig. 6: Simulated return loss vs frequency across process
corners at (a) the TX, and (b) the RX.
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Fig. 7: Receiver block diagram including output combining
stage.

Due to chip area limitations, we emulate the interposer
channel by means of a distributed on-chip RC network3 [Fig.
8(a)]. Fig. 8(b) shows the loss of this network and compares it
with the loss of a reference interposer channel, showing close
agreement up to twice the Nyquist frequency. This structure
is used in both the data and clock paths.

3this representation is effective since typical interposer channels are RC-
dominant [2], [9]

Fig. 8: (a) On-chip channel implementation using passives,
with the RX termination included, and (b) simulated loss
characteristic compared with reference interposer link

.
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Fig. 9: (a) Die micrograph, and (b) measured output data eye
diagram, at half the data rate due to 1:2 deserialization.

Fig. 10: Measured bathtub curves at 50- and 64-Gb/s.

IV. MEASUREMENT RESULTS

The prototype has been fabricated in TSMC’s 28-nm tech-
nology [Fig. 9(a)]. The total active area is 0.009 mm2(each
TX occupies 24 µm × 35 µm, RX occupies 30 µm × 35 µm,
and the PLL occupies 40 µm × 40 µm), yielding a bandwidth
density of 28 Tb/s/mm2. After amortizing the PLL power (2.5
mW per lane), we obtain a per-lane value of 16 mW at 64
Gb/s, and hence an efficiency of 0.25 pJ/b (The TX and RX
consume 6 mW and 7.5 mW, respectively).

Fig. 9(b) shows the 64-Gb/s PAM4 eye at RX reconstruc-
tion DAC output4. Using Keysight’s M8040A, we obtain the
bathtub curves depicted in Fig. 10, which suggest a horizontal
opening of 0.07 UI at 64 Gb/s and 0.09 UI at 50 Gb/s
(the clock phase is swept using the on-chip delay lines in
steps of roughly 0.6 ps). The phase is first varied toward the
left and right extremes, where the BER rises sharply, and
then swept in fine steps in between. Figure 11 shows the
measured PLL phase noise at the 1-GHz output, yielding an
rms jitter of 260 fs. Table I summarizes the results, indicating
efficiency and bandwidth density improvements of 4.8X and
5.3X, respectively, with respect to [3], [4].

V. CONCLUSION

We present a single-ended 64-Gb/s PAM4 transceiver ar-
chitecture that is suitable for die-to-die interconnects. A front-
end design employing active-inductor peaking and termination
obviates the need for equalizer stages in the receiver, saving
considerable power and area and mitigating signal integrity
degradation due to noise and nonlinearity. Measurement results

4the non-linearity of this eye is acceptable as long as the minimum height
meets the measuring instrument sensitivity

Fig. 11: Measured PLL phase noise at 1 GHz.

TABLE I: Performance summary and comparison

Reference

Power Efficiency
          (pJ/bit)

Technology

Data Rate (Gb/s)

This
Work

Modulation

           BER

2

50 64

PAM4BidirectionalBidirectional

<10     
   

−12 −12
<10     
   

<10     
   

−12
<10     
   

−16

4.45 4.88

0.297 1.21
0.25 (64 Gb/s)

0.2 (50 Gb/s)

50, 64

28−nm
CMOS

   28−nm
   CMOS

  5−nm
FinFET

 Channel Loss
@ Nyquist (dB) 5.4 2.8 

28.05

     JSSC’23
          [2]

     ISSCC’25
          [3]

56

     ISSCC’26
          [1]

Bidirectional

6.5 

0.292

28−nm
CMOS

16.5

     ISSCC’26
          [4]

Bidirectional

<10     
   

−12

1.5

64

6 

5.33

   28−nm
   CMOS

Bandw. Density
   (Tb/s/mm  )

5 

of the 4-lane prototype, fabricated in 28-nm CMOS technol-
ogy, reveal improvements of 4.8X in the energy efficiency and
5.3X in the bandwidth density over the prior art.
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