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Abstract—This paper presents a transceiver using balanced
coding with higher pin efficiency while without compromising
the signal-to-noise ratio (SNR). The proposed transceiver archi-
tecture utilizes a 4b6w (4 bits over 6 wires) balanced encoding
technique to achieve 0.66 pin efficiency, which is 33% higher than
fully differential. The Rx front end is designed to differentially
sense the six lanes to achieve 3dB higher SNR over single-ended.
The proposed transceiver achieves a 60Gb/s aggregate data rate
(15Gb/s/ch) and compensates for 15dB channel loss at 7.5GHz
with an FoM of 0.167pJ/bit/dB in 16nm FinFET.
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I. INTRODUCTION

Evolving artificial intelligence and high-performance com-

puting applications demand higher aggregate data rates be-

tween SoC-to-SoC and SoC-to-module. However, achieving

higher aggregate data throughput is often constrained by the

limited number of I/O pins available in the package. Therefore,

there is a need to increase the per-pin data rate in wireline

links. There are three primary ways to achieve this goal: (1)

increase the baud rate by clocking the data at high frequency,

(2) use higher order modulation such as PAM-4/6/8, and (3)

increase the per-pin data rate using spatial encoding schemes.

This paper investigates the third option to increase the data

throughput by leveraging spatial encoding to increase the pin

efficiency of the transceiver.

Pin efficiency is defined as the number of bits transmitted

divided by the total number of wires used. In the case of

single-ended wireline signaling, one channel carries one bit at

a time, and therefore, single-ended signaling (SE) has a high

pin efficiency of 1, and fully differential signaling (DS) has a

low pin efficiency of 0.5. While single-ended signaling has a

high pin efficiency, it suffers from high reference noise when

the data is sampled at the receiver. High reference noise is due

to the fact that the noise on the data is uncorrelated with the

noise of the reference voltage used to sample the data. Another

drawback of single-ended signaling is the high simultaneous

switching noise. The simultaneous switching noise causes

the ripple on the transmitter supply voltage when the output

drivers of the single-ended signaling are switching, and this

noise appears on the transmitted signal. Finally, single-ended

has a 3dB lower SNR compared to fully differential signaling.

Fig. 1. Comparison of pin efficiency vs SNR of various signaling techniques.

These drawbacks of single-ended signaling limit the maximum

achievable data rates and result in high BER.

Balanced coding technique [1]–[3], in which the codewords

contain a balanced (equal) number of ones and zeros in a

binary code setting, has been employed by researchers to

encode the data in the spatial domain to offer high pin ef-

ficiency (>0.5). In the past, researchers have used other forms

of spatial encoding schemes to increase the pin efficiency and

data throughput such as CNRZ-5 [4], BASES [5] and 4B4W4L

[6]. However despite the pioneering innovations, these prior

implementations have lower SNR due to (a) use of multiple

voltage levels, and (b) limitation on the receiver architecture.

In view of these limitations, this paper presents a 4-channel

wireline transceiver using 4b6w balanced coding. The pro-

posed transceiver architecture can achieve a better trade-off

between pin efficiency and SNR when compared to the state of

the art, as shown in Fig. 1. While this work only demonstrates

the balanced coding using two-voltage-level signaling, the

concept presented in this work can be extended to design a

multi-level balanced coded transceiver to further increase the

pin efficiency. There are four main highlights in this work:

(a) 33% higher pin efficiency compared to fully differential;

(b) 3dB higher SNR compared to singled-ended signaling; (c)

less sensitivity to transmitter supply noise due to reference-

less sampling; (d) separate tunable delay line on each lane for

de-skew among 6 lanes. The rest of the paper is organized as

follows: Section II discusses the 4b6w balanced coding and

the proposed transceiver architecture. Section III presents the

measurement results and section IV concludes this work.



II. 4B6W BALANCED CODING & PROPOSED
ARCHITECTURE

A. 4b6w Balanced Coding

Fig. 2 shows the 4b6w encoding table. The four-bit informa-
tion X is mapped to six-bit codeword Y, consisting of four-bit
encoded information D and two-bit check symbol C. Mapping
is performed such that the output Y has an equal number of
1s and 0s, and therefore, the output is balanced. The encoding
logic can be understood as follows: The check symbol C
is decided based on the input information bit X. When the
number of 1s in X is 1, 2, or 3, then D stays the same as X
and its check symbol C is set as 11, 01, or 00, respectively.
When the number of 1s in X is 0 or 4, then the first two bits
of X are complemented in D, and its check symbol C is set
as 10. Therefore, the encoded six-bit output has three 1s and
three 0s. The encoded 6 bits are simultaneously transmitted
on 6 parallel wires, as shown in Fig. 3. It can be observed
from the figure that at every sampling time instance, there is
always an equal number of 1s and 0s on all six lanes, which
results in balanced data transmission.

B. Proposed Transceiver Architecture

Fig. 4 shows the proposed 6-lane balanced coded 4b6w
transceiver architecture. At the transmitter, the balanced en-
coder transforms 4 streams of 32-bit PRBS data into 6 streams
of 32-bit balanced coded data. This balanced encoder is

Output Y =(D,C) (6bit)
Input X 

=(x1,x2,x3,x4)
Symbol Check Symbol 

C=(c1,c2)
Encoded Info Bits 

D=(d1,d2,d3,d4)

10110000001
11000100012
11001000103
01001100114
11010001005
01010101016
01011001107
00011101118
11100010009
011001100110
011010101011
001011101112
011100110013
001101110114
001110111015
100011111116

Fig. 2. The 4b6w balanced encoding table.
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Fig. 3. The 4b6w encoded data on a 6-lane bus.

3 Tap 
FFE

SST

32

÷2÷2÷2÷2

Balanced 
Coding 

Decoder

4:1

PCTRL<6:1>
NCTRL<6:1>

Φ Φ 
DCC
Φ Φ 
DCC
Φ Φ 
DCC

Φ Φ 
DCC
Φ Φ 
DCC
Φ Φ 
DCC

VDLY_slow<6:1>
Φ Φ 
DCC
Φ Φ 
DCC
Φ Φ 
DCC

VDLY_fast<6:1>

Even

DQ DQ

DQ DQDQ DQ

DQ

DQDQ

DQ DQ

DQ DQDQ DQ
15153060

Odd
Even

DQ

DQDQ

DQ

DQDQ
153060

Odd

Φ
 Φ 

Φ
 Φ DCCDCCΦ
 Φ DCC÷2÷2 Ext Clk

B4

B3

B2

B1

6

Tx

Rx Shared 
Termination

Diff. Sensing

Tunable DelayLine 
for Deskew & Duty 
Cycle Correction

6-Lane Bus

PRBS GEN 

BC 
Encoder

32 3232 32 32 3232 32
32:16

LLL

32:16

L

2:1
D

Q
D

Q

D
Q

D
Q

D
Q

D
Q

2:1
D

Q

D
Q

4:2

LLL

4:2

L

retimer

D
Q

D
Q

D
Q

retimer

D
Q

8:4

LL

8:4

L

8:4

L

16:816:8

LLL

16:8

L

retimer

D
Q

D
Q

D
Q

retimer

D
Q

Φ Φ 
DCC
Φ Φ 
DCC
Φ Φ 
DCC
Φ Φ 
DCC
Φ Φ 
DCC

Φ Φ 
DCC
Φ Φ 
DCC
Φ Φ 
DCC
Φ Φ 
DCC
Φ Φ 
DCC

Fig. 4. Proposed 6-lane transceiver architecture.

followed by 32:1 serialization, 3-tap FFE with 3-bit resolution,
and lastly SST-based output driver. In the proposed transceiver,
all 6 lanes have to be simultaneously sampled at the receiver
to correctly decode the balanced encoded data. Therefore,
skew between the lanes due to path mismatch on the package
and PCB traces must be removed. To remove the skew, the
transmitter has programmable delay lines on the clock path to
each of the 6 transmitter slices to individually de-skew each
of the 6 lanes.

At the receiver, the 50Ω terminations on all 6 lanes are
shorted together due to the pseudo-differential nature of bal-
anced encoded data, which helps to reduce the transmitter
power consumption. The receiver has a half-rate architecture;
the even and odd path each consists of 15 samplers followed
by 1:4 demultiplexers and a balanced coding decoder. The
15 samplers at the receiver are all reference-free two-input
samplers. For a 6-lane communication system, comparing each
two lanes by the comparators translates to the use of 6C2 or 15
samplers at the receiver for balanced decoding. In other words,
all of the possible differential comparison is performed on the
6 lanes using 15 samplers

C. 4b6w Decoding with Differential Sensing

Fig. 5 shows the proposed decoding logic and example. In
the decoding table, each of the 15 columns represents one
sampler, and the value in each row corresponds to the differ-
ential signal seen at the input of the receiver sampler for all 16
possible transmitted symbols. For the sake of simplifying the
explanation of the decoding logic, it has been assumed that
transmitted logic 1 and 0 correspond to +1V and 0V on the
wire. Since the data on the receiver is sampled differentially,
the differential input to the samplers can be 0V, -1V, and 1V.
The proposed decoding is designed by only looking at the
samplers that have non-equal inputs, as highlighted in green
in the decoder table. The decoding is explained with the help
of two examples:

Example 1: Assume that the received data is sampled on the
15 comparators such that the comparator C5, which takes the
difference of wire 1 and wire 6, sees 1V input difference, and
the other comparators C7, C9, C11, C13, and C15 see 1V, 1V,
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Fig. 5. Proposed 4b6w decoding table.

-1V, -1V, 1V input difference respectively. Accordingly, the
output of comparator C5 is logic 1, and that of comparators
C7, C9, C11, C13, and C15 is logic 1, 1, 0, 0, 1, respectively.
With this, the decoder gives output 0000, corresponding to the
first row of the decoding table. As there would be cases when
two inputs are equal and comparators will therefore go through
metastability and give invalid outputs, the proposed decoding
logic allocates the don’t care condition (the greyed box X in
Fig. 5) for those equal input cases so that only nonequal inputs
are utilized by the decoding logic to make the decision.

Example 2: Assume that comparators C4, C7 and C8 see
-1V input difference, and C12, C14 and C15 see the 1V input
difference. Based on the last row of the decoding table in Fig.
5, the output will be decoded to 1111.

Care was taken during the design to add sufficient resyn-
chronization with positive feedback flip-flops so that the
metastability of any comparator does not propagate to the
decoding logic. Using the above-mentioned decoding process,
each 4-bit symbol can be uniquely decoded when all the
chosen comparators (colored in green) see either a 1V or
-1V input signal swing mentioned in the table in Fig. 5.
The proposed transceiver can be re-configured to single-ended
operation for comparison purposes.

III. MEASUREMENT RESULTS

The proposed transceiver architecture was designed and
fabricated in a 16nm FinFET process. Fig. 6 shows the die
micrograph and its zoom-in layout, the measured channel
frequency response, and the transceiver measurement setup.
The signal generator (Anritsu MG3697C) provides the external
clock to the Tx board and Rx board through the power divider.
Oscilloscope (Tektronix DSA8300) and BER tester (Tektronix
BSA286CL) were used to measure the near-end eye diagram
and BER at the receiver output, respectively. The Tx board and
Rx board are connected through the communication channel
consisting of a BGA package, PCB traces, coaxial cables, and
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Fig. 6. (a) Die micrograph; (b) channel loss profile; (c) measurement setup.

connectors. The communication channel has a measured 15dB
channel loss at a Nyquist frequency of 7.5GHz.

Fig. 7 shows the measured near-end transmitted eye of
the PRBS-7 4b6w balanced coded data on all 6 lanes at
15Gb/s/lane. Vertical eye opening is 190mV and horizontal eye
opening is 53.2ps. Fig. 8 shows the de-skew range of the delay
line, which was calculated by transmitting a repetitive 1100
data pattern and measuring the relative delay in Tx output with
maximum and minimum delay settings of the programmable
delay line. The de-skew range is measured to be 15ps. This de-
skew was sufficient to match all 6 lanes with our measurement
setup.

Fig. 9 shows the measured bathtub plot for all 4 bits (4
channels) obtained after decoding the 4b6w encoded data at
the receiver. Horizontal opening for all the 4 channels for
BER less than 10−12 is 0.48 UI. The resilience of 4b6w to

w1 w2 w3

w4 w5 w6
50mV 13.3ps50mV 13.3ps

w1 w2 w3

w4 w5 w6
50mV 13.3ps

Fig. 7. Measured six-lane near-end Tx eye of 4b6w encoded data.

25ps
50mV

15ps

25ps
50mV

15ps

Fig. 8. Measured deskew range of the delay line.



Fig. 9. Measured TRx BER bathtub for all four channels with PRBS7 at
15Gbps/pin.

Fig. 10. Lowest BER for proposed 4b6w TRx and single-ended (SE) with
injected noise in the SST driver supply at 15Gbps/pin.

Fig. 11. Meausred in-situ eye for (a) proposed transceiver and (b)
single-ended (SE).

the transmitter supply noise is analyzed by injecting random

noise (max σ=12.3mV) on the supply of the Tx SST output

driver and measuring the lowest Rx BER for 4b6w, as shown

in Fig. 10. For the comparison purpose, the transceiver was

configured in the single-ended signaling (SE) mode and the

effect of Tx SST output driver supply noise was measured. It

can be observed that with the increase of injected supply noise,

the proposed transceiver with 4b6w encoding demonstrates a

good noise immunity with the lowest BER staying lower than

10−12 while the lowest BER of single-ended has degraded.

Fig. 11 shows the measured in-situ eye for 4b6w and single

ended at 15Gbps at the receiver. The 4b6w has 125mV eye

height, which is approximately twice of that in the single-

ended (65mV) for the same channel loss (15dB), and therefore

demonstrates the 3dB higher SNR of 4b6w over single-ended

signaling. Table 12 shows the performance summary of the

proposed transceiver and its comparison with the state-of-

the-art transceivers. The proposed transceiver achieves a pin

efficiency of 0.66, which is 33% more than fully differential,

TABLE I. COMPARISON WITH STATE-OF-THE-ART TRANSCEIVERS

Fig. 12. Measured TRx power breakdown.

and SNR of 3dB over single-ended. It achieves an FoM of

0.167pJ/bit/dB, which is one of the lowest compared to the

prior spatial encoding-based wireline transceivers. Fig. 12

shows the power breakdown from the measurements.

IV. CONCLUSIONS

This paper presented a 4b6w balanced coding transceiver

with 3dB SNR gain over single-ended signaling. The measured

transceiver achieves a 60Gb/s aggregate data rate with the FoM

of 0.167pJ/bit/dB at 15dB channel loss in 16nm FinFET.
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