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Abstract—This paper presents a single-ended voltage-mode
(VM) simultaneous bidirectional (SBD) transceiver for chip-to-
chip interconnects. A hybrid network in the receive path cancels
the transmitted signal to extract the received signal enabling
SBD signaling. The conventional source-series terminated (SST)
and trans-impedance amplifier (TIA)-based transmitters used in
the SBD signaling transceivers consume high power to minimize
output impedance variation. The proposed design minimize this
variation with low power consumption, thereby leading to a low-
power transceiver. In addition, the power consumption while
incorporating feed-forward equalizer (FFE) is reduced by using
current-mode implementation in the proposed transceiver. Imple-
mented using TSMC PDK in 65 nm technology, the simulation
results gives an energy efficiency of 0.35 pJ/b at 20 Gb/s SBD
data-rate.

Index Terms—Voltage-mode signaling, bidirectional
transceiver, serial links, Trans-impedance amplifier (TIA).

I. INTRODUCTION

Advancements in semiconductor technology facilitate the
integration of large systems on chip (SoC), leading to an
increased demand for high bandwidth per I/O. However, the
low-pass characteristics of the channel restrict bandwidth, ne-
cessitating power-hungry equalizers to address inter-symbol in-
terference (ISI). The use of voltage mode transmission instead
of current mode transmission reduces power consumption.
Additionally, single-ended SBD signaling lowers the Nyquist
frequency, thereby decreasing the power consumption of the
equalizer [1]–[9].

The voltage mode transmitter-based SBD signaling
transceiver, as illustrated in Fig. 1, utilizes a hybrid
architecture to separate the inbound signal by subtracting the
outbound signal from a replica signal on the channel. However,
the challenge in this separation requires proper matching of the
transmitter and replica drivers along with their corresponding
loads. The mismatch between loads is exacerbated by the
variation in termination in the transmitter with respect to
the channel signal [6]. The source-series terminated (SST)
transmitter minimizes impedance variation by increasing the
passive resistor RSST and reducing the voltage drop across
the transistors. However, the increased size of the transistors
raises the switching power at high frequencies. Therefore, a
transimpedance amplifier (TIA)-based transmitter is used to
reduce power consumption while controlling the output swing.
In such transmitters, the impedance (1/gmpn) variation is
minimized by utilizing a complementary (CMOS) structure
[10]. However, its termination impedance Rdrv also requires
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Fig. 1: Single-ended voltage-mode full-duplex transceiver.

that its current-mode pre-driver have high output impedance
[11]. Furthermore, the static power in the TIA, in addition to
the hybrid power, decreases energy efficiency.

In the transceivers discussed above, the channel termination
is determined solely by the output impedance of the trans-
mitter, while the impedance of the hybrid-channel interface is
generally kept high. In this work, the termination is provided
by a TIA-based hybrid, which generates a virtual ground for
inbound signals by splitting the feedback resistor of the hybrid.
Consequently, the transmitter is connected at this split node,
ensuring that the output impedance of the transmitter does not
affect the termination impedance. As a result, the complexity
of designing the transmitter and the power consumption as-
sociated in minimizing termination variations are minimized.
Moreover, the proposed architecture enables a current-mode
transmitter for feedforward equalization (FFE) implementa-
tion, further reducing power consumption in compensating for
channel loss.

II. OVERVIEW OF SBD SIGNALING TRANSCEIVERS

A. Replica Hybrid based Voltage-Mode Transceiver

The replica hybrid-based transceiver in [7] is shown in
Fig. 2(a). The VIN signal is transmitted via the TIA-based
transmitter. The pad node Vpad contains both the in-bound
and out-bound signals. The hybrid uses a TIA-based current
summer to sum both the replica signal VIN and the signals
on the pad Vpad. Hence, the outbound signal is gets canceled
and the inbound signal can be extracted. Considering the
impedance of the shunt path looking into Rh1, it is much
higher than the termination Z0. This condition is chosen to
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Fig. 2: (a) Replica, (b) R-Gm, (c) resistor-bridge, and (d) proposed TIA based hybrids for FD-SBD signaling.

increase the out-bound/in-bound signal swing while consuming
minimal power in the hybrid.

Based on this, the total power consumption for extracting
the VRX signal by the hybrid can be expressed as

PRep = VDD

(
1/Z2

0

2µCox
W
L

+
VRX

Z0
+

VRX

RF

)
. (1)

In this equation, the power consumption in the first term is due
to the static current required for biasing the TIA transmitter.
The second term accounts for the transmitter current required
to extract the received signal VRX , assuming the gain of the
hybrid to be unity, and the third term is due to the current
flowing through the resistor RF of the TIA-transmitter for
generating the outbound signal.

B. R-Gm Hybrid based Transceiver

The R-Gm hybrid-based transceiver in [6] is shown in Fig.
2(b). The hybrid splits the termination impedance into two
halves and performs a weighted subtraction of the signals
from the intermediate node VTX and from the channel Vpad to
eliminate the outbound signal. Thus, a separate replica driver
is not required to generate the replica signal, reducing the
complexity associated with the drivers. However, splitting the
termination also reduces the hybrid gain to 2/3 [12]. The power
consumption in this transceiver is given by

PRGm = VDD

(
2/Z2

0

2µCox
W
L

+
3VRX

2Z0
+

3VRX

2RF

)
. (2)

The above equation shows that the power consumption from
the TIA transmitter has doubled compared to the replica
hybrid. Moreover, the power consumption from remaining
terms also have increased by a factor of 3/2.

C. Resistor-bridge Hybrid based Transceiver

The resistor-bridge hybrid-based transceiver as implemented
in [8] is shown in Fig. 2(c). In this configuration, the TIA-
based transmitter is also used as a receiver by splitting the
feedback resistor RF into RF1 and RF2 and the inbound
signal is recovered between these two resistors. However, the
current-mode pre-driver has finite output resistance RP , which
attenuates the inbound signal. In addition, the termination
impedance also depends on RP . The current-mode pre-driver
uses a constant current source in [10], which restricts the
inbound/outbound signal swing. Although the pre-driver can
be replaced with VM-SST drivers, this again increases the
impedance variation. In [8], a TIA-based pre-driver is used to
reduce impedance variation. However, it results in increase in

the static power consumption. Further, the finite RP increases
the transconductance of the TIA transmitter to match the
termination, which in turn increases the power consumption.
The minimum power consumption of the transceiver can be
derived as

PRb = VDD

(
1/Z2

0

2µCox
W
L

+
(RF1 +RP )VRX

(RF +RP )Z0
+

VRX

RP

)
. (3)

The equation shows that the power consumption of the resistor-
bridge is similar to that of the replica hybrid. However,
compared to the power consumption of the replica hybrid-
based transceiver including the power of replica driver and
TIA-based summer, the power consumption of resistor-bridge
is lesser.

III. PROPOSED HYBRID TRANSCEIVER

The proposed transceiver is shown in Fig. 2(d). The hybrid
is designed using a TIA similar to the resistor-bridge hybrid.
However, the input and output are swapped in the proposed
hybrid. The input signal VIN is driven through a pre-driver
and a passive resistor Z0 onto the channel. The driven input
signal generates the VTX signal at the transmitting node X

and attenuates it to VTX/2 in the pad, which acts as the out-
bound signal VOB . Simultaneously, the in-bound signal from
the far-end transmitter, VIB , superimposes with the out-bound
signal in the pad. Based on these signals at the transmitting
node and pad, we can express the relationships as

VTX = 2VOB + VIB(1− Z0Gm), Vpad = VIB + VOB , (4)

from which the received signal VRX can be derived as

VRX = VTX − 2Z0GmVpad. (5)

By tuning the transconductance Gm of the TIA equal to
1/Z0, the VRX signal will be −2VIB . Hence, the out-bound
signal is canceled, and the in-bound signal is extracted at
the VRX output. As for the signal at the transmitting node
VTX , the in-bound signal is canceled, leaving only the out-
bound signal VOB . Consequently, the in-bound signal sees
only the passive impedance Z0, which matches the termination
impedance. Additionally, the transmitting node does not vary
with the in-bound signal. Therefore, the output impedance of
the transmitter does not affect the termination impedance.

A. Hybrid Power

Based on the analysis above, the termination impedance
of the proposed transceiver does not depend on the out-
put impedance of the pre-driver. Hence, it can be designed
using conventional VM drivers without the need for SST,Authorized licensed use limited to: Xi'an Jiaotong-Liverpool University. Downloaded on July 13,2026 at 13:33:19 UTC from IEEE Xplore.  Restrictions apply. 



Z0

1/Z0

VRX

VOBVpad

2Z0

IINα

VIN(t)

IIN

VIN(t)VIN(t-1)

VIN(t-1)

IINIINα

(a)

Z0/2
VOBVpad

VIB

VIN(t) Z0/2(1-α

Z0/2α

)

2/3 1

VRX

- +

VIN(t-1)

(b)
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which reduces dynamic power and avoids static power in
the TIA transmitter. The power consumption of the proposed
transceiver can be derived as

PProp = VDD

(
1/Z2

0

2µCox
W
L

+
VRX

Z0

)
. (6)

In the equation above, the first term represents the static power
consumption in the transconductance Gm of the TIA, which is
similar to the power consumption of the resistor-bridge. The
second term accounts for the power consumption due to trans-
mitter current, which is lower than that of the resistor-bridge.
Additionally, the resistor-bridge consumes power due to the
feedback resistor RF , and this power consumption increases
with higher data rates [6]. Therefore, the proposed transceiver
consumes minimal power compared to the transceivers found
in the literature.

The power consumption of the proposed transceiver is
analyzed for SBD communication in long channels, which
are low-pass and bandwidth-limited, necessitating high-pass
equalizers to reduce ISI. The feed-forward equalizer (FFE) for
the replica hybrid in [1] uses SST-based transmitters, but this
increases equalization power [13]. To mitigate this, a current
mode (CM) FFE is implemented in the proposed transceiver,
allowing for a comparison with FFE implementations in R-GM
hybrid using SST transmitters, as shown in Fig. 3. The power
consumption equations for both transceivers are derived for the
same received signal swing and plotted in Fig. 9(a) for two
different cases, when their inputs VIN (t) and VIN (t− 1) are
same and when they are different. When inputs are different,
the R-Gm hybrid’s power consumption increases with the
equalization coefficient due to the direct current path from
supply to ground, raising the transmitter current. In contrast,
the proposed transceiver shows lower and constant maximum
power consumption with respect to the equalization coefficient.
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Fig. 5: Termination impedance variation for same received signal swing.
With respect to variation in (a) channel voltage for TIA TX , (b) input of TIA
TX, (c) channel voltage for SST TX, and (d) input of SST TX.

B. Hybrid Echo-Cancellation
The separation of inbound and outbound signals in SBD

signaling is difficult to achieve due to the mismatch between
the generated replica signal and the outbound signal in the
pad. The R-Gm hybrid shown in Fig. 2(b) outperforms other
hybrids in echo cancellation by matching the delay between
the outbound signals in the VTX and Vpad signals. In the
proposed hybrid in Fig. 2(d), the outbound signal in the VTX

signal and Vpad also experiences a similar delay given by the
time constant Z0.Cpad/2. Hence, the feedback resistor 2Z0

is split into two halves and by using a capacitor CD a delay
for the outbound signal is introduced to match the delay of
VRX signal. Therefore, by matching capacitor CDwith the
pad capacitor, the echo is minimized. However, the near-end
reflection due to package parasitics requires background echo
cancellation using FIR filters [5], [9].

C. Circuit Implementation

The circuit implementation of the proposed transceiver is
shown in Fig. 4. The transconductance (Gm) of the TIA is
designed using a CMOS structure formed by the transistors
(M1,M2). For a 50 Ω characteristic impedance in the channel,
the W/L ratio of each transistor is fixed to achieve a Gm

of 10 mS. However, the finite output impedance due to
channel-length modulation increases the Gm. Additionally,
PVT variations must also be compensated. Thus, the Gm can
be split into multiple cells connected in parallel based on a
thermometer-coded binary DAC to minimize these variations.
The capacitor CD can also be implemented using a binary-
weighted capacitive DAC based on the pad capacitance Cpad.
The filter coefficients for main and post cursors are designed
using a CMOS structure with source and sink current sources
driving currents ITX and αITX . The tap coefficient can be
easily tuned without affecting the termination impedance.

IV. SIMULATION RESULTS

The proposed transceiver is designed using the TSMC PDK
in 65 nm technology and simulated using the Spectre inAuthorized licensed use limited to: Xi'an Jiaotong-Liverpool University. Downloaded on July 13,2026 at 13:33:19 UTC from IEEE Xplore.  Restrictions apply. 
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Cadence Virtuoso. The variation of the termination impedance
of the proposed transceiver is compared with that of the
transceivers in Fig. 2, for the same received signal swing.
The impedance variation, plotted with respect to VPad and
VIN voltages while using TIA and SST-based transmitters
are shown in Fig. 5. The impedance variation with the TIA-
based transmitter is similar for all transceivers. However, when
using the SST-based transmitter, the impedance variation is
minimized in the proposed transceiver.

The received signal bandwidth of the proposed hybrid is
compared with other hybrids in Fig. 6(a), by considering the
package parasitics in Fig. 1. The plot indicates that the resistor-
bridge hybrid has a higher bandwidth than the proposed hybrid.

TABLE I: Comparison with conventional transceivers.

Ref Tech.
(nm)

Data-rate
(Gb/s)

Supply
(V)

Channel
Loss @ Nyq.(dB)

Power
(mW)

FOM
(pJ/b)

This
Work 65

20a
TX-CM/TIA based
Proposed Hybrid

1.2 <1 dB 7a 0.35a

[7] 5
50.4c

(FD:25.2+25.2)
TX-SST/Replica Hybrid

0.75
1.2 mm Interposer

4.5 dB 3.375c 0.067c

[8] 65

15c

(FD:7.5+7.5)
TX-TIA/Resistor-Bridge

Hybrid

1.2
10 mm FR4

2.5 dB 10.1c 0.67c

[6] 16
32b

(FD:16+16)
TX-TIA/R-Gm Hybrid

0.9
5 mm

< 1 dB 13.44b 0.42b

a Simulated. b Post-layout Simulated. c Measured.

The R-Gm and replica hybrids exhibit a high time constant
in the interface between the subtractor and channel, which
decreases their bandwidth. The bandwidth of the resistor-
bridge hybrid is higher due to the zero created by the feedback
resistor RF and the capacitance at the input of the TIA.
However, this also causes high-frequency termination variation
and induces reflections. In case of the echo cancellation
bandwidth shown in Fig. 6(b), the R-Gm hybrid outperforms
all the hybrids. However, the echo cancellation bandwidth in
Fig. 7(b), is improved in the proposed hybrid by matching
capacitor CD with the pad capacitance. The variation in
CD also introduces a trade-off between bandwidth and echo
cancellation, as illustrated in Fig. 6(a). A similar trade-off
is found in the R-Gm hybrid when creating a zero in the
subtractor interface with capacitor C1. Thus, the optimum
value of CD is chosen based on the SBD eye diagram.

The test bench involves all the transceivers shown in Fig.
2, simulated at a 20 Gb/s SBD data rate, including package
parasitics. While signaling in a short channel, the eye diagram
of the proposed transceiver, after tuning capacitor CD, is
similar to that of the R-Gm hybrid, as shown in Fig. ??. The
eye opening of the proposed transceiver compared to the R-
Gm hybrid for different channel losses as shown in Fig. 9(b).
The eye opening after tuning the FFE tap coefficient is similar
for both transceivers. However, the power consumption of the
R-Gm hybrid during signaling in high-loss channels increase
more than that of the proposed transceiver. Table 1 compares
the proposed architecture with recent literature.

V. CONCLUSION

This paper presents a single-ended voltage-mode simul-
taneous bidirectional (SBD) transceiver for chip-to-chip in-
terconnects. A hybrid network in the receive path cancels
the transmitted signal to extract the received signal, enabling
efficient bidirectional communication. Unlike conventional
source-series terminated (SST) and trans-impedance ampli-
fier (TIA)-based transmitters, which consume high power to
minimize output impedance variation, the proposed design
mitigates this variation, allowing for a low-power transmitter.
In addition the power consumption in incorporating voltage
mode feed-forward equalizer (FFE) is reduced by using current
mode taps in the proposed transceiver. Implemented using
TSMC PDK in 65 nm technology and the simulation results
gives an energy efficiency of 0.35 pJ/b at 20 Gb/s SBD data-
rate.
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