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ABSTRACT

This paper presents a novel design for a simultaneous bidirec-
tional multilevel wireline transmission system with adaptive
pre-emphasis and trellis coded modulation. The incorporation
of a trellis encoder and a Viterbi decoder provides coding gain
to offset the loss of SNR caused by the multilevel pulse ampli-
tude modulation. Furthermore, the feedback loop inherent in a
simultaneous bidirectional link provides a natural opportunity to
use adaptive pre-emphasis to compensate for channel character-
istics. Our simulation results demonstrate the effectiveness of
this approach.

1. INTRODUCTION

Modern semiconductor technology allows for the design of in-
tegrated circuits operating with on-chip clock frequencies easily
beyond a gigahertz. However, the overall performance of a sys-
tem depends not only on the speed of on-chip computations but
also the throughput of the I/O and bandwidth of the transmis-
sion channel. The pin-count limits and maximum achievable
I/O throughput and transmission channel bandwidth have
proven to be major challenges to overall system performance.
The need for higher total I/O throughput and channel bandwidth
have led several researchers to study simultaneous bidirectional
signaling [1-4] and multilevel signaling [5-8], respectively. For
a given total I/O throughput and transmission channel band-
width, both the simultaneous bidirectional transmission and
multilevel signaling techniques offer higher timing margin but
lower voltage margin. [9-10] Therefore, simultaneous bidirec-
tional multilevel transmission is most suitable for low loss or
short link communications. Recently, industry has looked at the
possible combination of multilevel signaling and simultaneous
bidirectional transmission for extending the bandwidth of to-
day’s high-speed serial backplanes without adaptive pre-
emphasis and coding modulation. [11]

Bidirectional transmission is attractive because of the capability
of simultaneously sending and receiving data across the same
transmission channel. It doubles the effective throughput for a
given pin-count compared to the traditional unidirectional trans-
mission. On the other hand, the multilevel signaling is also
attractive because each data symbol carries /og,(N) bits of in-
formation compared to 1 bit in a binary signaling, where N is
the number of levels. The low voltage margin in multilevel sig-
naling can be ameliorated by the coding gain from encoder and
decoder. [12-15]

Figure 1 shows the basic circuit diagram for simultaneous bidi-
rectional multilevel transmission with trellis encoding and
Viterbi decoding. Replica-Diver.L and Replica-Driver.R have

the same characteristics as Driver.L and Driver.R, respectively.
Therefore, echo cancellation can completely remove its own
side driver outgoing signal and extract the received signal, Vg,
or Vgr. In the figure, Tp represents the delay time for the wave
traveling through the transmission channel. For simplicity, we
have chosen a trellis encoder based on a rate 2/3 (8-state) code
from [15] and map a 5-bit binary input into a 2-dimensional, 6-
level pulse amplitude modulated (2D PAM-6) signal, as shown
in Figure 2. The feedback loop inherent in the bidirectional link
provides a natural opportunity for incorporating adaptive pre-
emphasis into the design. The use of an adaptive pre-emphasis
feature provides transmission channel loss compensation. The
advantages of using a transmitter pre-emphasis compared to
receiver equalization are lower power consumption, superior
performance and interoperability [16]. However, pre-emphasis
is not preferred over receiver equalization if cross-talk is one of
major limitations in the transmission data degradation. [17]
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Figure 1. The basic circuit diagram of a simultaneous
bidirectional multilevel transmission system.
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Figure 2. Encoder for a rate 2/3 (8-state) code and sig-
nal mapping of a 5-bit binary code into 2D PAM-6.



2. ARCHITECTURE

Simultaneous bidirectional transmission systems can be defined
as either current-mode or voltage-mode and as differential or
single-ended transmission systems. A current-mode driver
draws constant current though the termination load and there-
fore consumes more power, but it has better impedance match-
ing and smaller reflections than a voltage-mode driver. Fur-
thermore, a current-mode driver potentially provides higher
bandwidth than a voltage-mode driver because the equivalent
load on the output of the driver is Zo/ 2 and Zo x 2 for current-
mode and voltage-mode, respectively. For the same parasitic
capacitance associated with a driver output load, a current-mode
driver has 4 times as much bandwidth as a voltage-mode driver.
The difference between differential and single-ended signaling
is that the former is immune to common-mode noise (e.g. sub-
strate noise) but has only half of the total /O bandwidth com-
pared to latter. Since a high-speed simultaneous bidirectional
signaling system would be sensitive to impedance mismatch
and noise, we have chosen to implement a configuration based
on a differential current-mode driver for our study of adaptive
pre-emphasis.
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Figure 3. The proposed simultaneous bidirectional sig-
naling system with an adaptive channel pre-emphasis
(One only side of pre-emphasis is drawn).
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Figure 4. The conceptual circuit diagram for the adap-
tive channel pre-emphasis.
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Figure 5. The basic circuit diagram of echo cancella-
tion.

Figure 3 shows the basic circuit diagram for our proposed sys-
tem. For simplicity and readability, the figure has been drawn in
a single-ended mode. For comparison, Figure 4 shows the con-
ceptual circuit diagram of an adaptive pre-emphasis scheme.

Our design approach is to first determine the degree of degrada-
tion on the received signal based on the number of error correc-
tions during the Viterbi decoding process at a given data length
Then, we generate a moderately low frequency (e.g. 1/10 the
normal data rate) pulse width modulated (PWM) signal which
gets fed back to the transmitting side through the existing simul-
taneous bidirectional link. The moderately low frequency pro-
vides minimum signal loss on the transmission channel. The
PWM signal is then averaged and used to adjust the amplitude
of pre-emphasis applied at the transmitter. Prior work on pre-
emphasis to compensate for channel characteristics has been
done in the context of Fast Ethernet and high-speed cable links
[18-20]. However, these systems require an extra dedicated
wire to carry the control signal back to the transmitter. The
novelty of our approach is that we make use of the inherent
bidirectional nature of the link to carry the control information
without any additional wire, as well as the fact that the pre-
emphasis is applied to signals propagating in both directions.
The transmitter pre-emphasis design is based on a current-mode
logic (CML) driver [21] with an adjustable 2-tap pre-emphasis.
For our design, the transmitter driver pre-emphasis has been
implemented with a constant current difference between driver
and pre-emphasis paths so that the amplitude of the signal eye
opening is kept constant.

The design of the echo cancellation circuit is shown in Figure 5
which is based on the adaptive equalizer of Ref. [19]. However,
a high-pass filter is used instead of a low-pass filter before the
variable gain amplifier. The justification for this is that
Driver.L and Driver.R always drive I/O and the off-chip trans-
port channel and are always more bandwidth limited than Rep-
lica-Driver.L and Replica-Driver.R of Figure 1. The circled
dashed line area represents the tunable low-pass filter.

The proposed simultaneous bidirectional multilevel transmis-
sion with the adaptive pre-emphasis and coding modulation sys-
tem uses the following operational sequence:

a. Run an echo cancellation initialization setup individually
with the channel and all interconnects presented and the oppo-
site side driver turned off.

b. Run an adaptive pre-emphasis initialization setup with the
channel and all interconnects presented. SW1, SW2 and SW3
in Figure 3 are “OFF”, “ON” and “ON” respectively.

c. Normal simultaneous bidirectional multilevel transmission
can proceed after steps a. and b. If the channel or interconnects
are modified, steps a. and b. have to be revisited before continu-
ing the bidirectional transmission.

The system can also be set up so that it will automatically re-
visit steps a. and b. after certain time periods in order to ensure
that the echo cancellation and the adaptive pre-emphasis are still
operating correctly.

3. SIMULATION RESULTS

The proposed design has been verified with Cadence SpectreRF
and Verilog-A simulators. The transmission channel loss char-
acteristic is based on FR-4 material which is the standard glass
epoxy substrate. The transmission channel trace model is ex-
tracted from Cadence Transmission Line Model Generator and
the design is based on Ref. [22] with approximately 1 dB loss
per inch at 10 GHz [22]. Figure 6, part (1) shows simulation
results for the signal loss in channel versus the signal frequency
at 27, 47, 6”, 8” and 10” lengths. Figure 6, part (2) shows the
design information for the transmission channel trace modeling.

Figure 7, parts (1) — (2) show the uncoded 4-bit binary data with
the corresponding coded and modulated PAM-6 signals. The 2-



dimensional (X and Y axes) PAM-6 signals shown in Figure 2
are interleaved so that each X-axis PAM-6 signal is followed by
its associated Y-axis PAM-6 signal. Figure 7, parts (3) — (4)
show the unidirectional PAM-6 signals at the near- and far-end,
respectively. The far-end signal shows a half closed eye dia-
gram after a 10” transmission line. Figure 7, parts (5) — (6)
show the simultaneous bidirectional PAM-6 signals for 2 and
10” of propagation, respectively. The eye-diagram shows the
11-level characteristic of the bidirectional transport channel
which is due to the superposition of the 6-level signals from
each side.
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Figure 6. The transmission channel loss based on FR-4
and its trace modeling.
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Figure 7. Simulation results for the unidirectional and
simultaneous bidirectional multilevel transmission with
trellis coded modulation.

Figure 8 shows the echo cancellation initialization setup simula-
tion results for the circuits in Figure-1 and 5. The damping fac-
tor is set to be close to 0.707 for the tunable low-pass filter in
echo cancellation so that the initialization time is optimized
without stability concerns. The required initialization time is
less than 2 uS after reaching steady-state mode and is shown in
Figure-8, part (1). The output of echo cancellation shown in
Figure-8, parts (2) and (4) should be as small as possible in or-
der to minimize the received signal degradation.

Figure 9 shows the adaptive channel pre-emphasis initialization
setup simulation results for the circuit of Figure 3. The required
initialization time is also less than 2 uS after reaching steady-
state mode and is shown in Figure 9, parts (1) - (2). The tran-
sient signal amplitude at the data driver output increases as the
pre-emphasis voltage increases. This maintains the same differ-
ence between driver current and pre-emphasis current so that
the amplitude of the maximum eye opening is kept constant.
Figure 9, parts (3) - (4) show the driver input/output transient
response and signal eye diagram on the transmission channel
during the adaptive channel pre-emphasis initialization.
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Figure 8. Simulation results for the echo cancellation
during the initialization setup.
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Figure 9. The adaptive channel pre-emphasis initializa-
tion setup simulation results for circuit of Figure 3.
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Figure 10. The simulation results for simultaneous bidi-
rectional PAM-6 transmission with and without adap-
tive channel pre-emphasis and after initialization.

Figure 10 shows the simulation results for simultaneous bidirec-
tional PAM-6 signaling with and without an adaptive channel
pre-emphasis after echo cancellation and pre-emphasis are ini-
tialized. It shows that the adaptive channel pre-emphasis helps
to open the eye in the VIL eye-diagram plot, which improves
the rise and fall time of the received signal.



4. SUMMARY

This paper presents a new design for a differential current mode
simultaneous bidirectional multilevel PAM-6 transmission sys-
tem for high-speed short-distance wireline communications.
The differential current mode architecture provides insensitivity
to common-mode noise, good impedance matching and high-
bandwidth performance. The simultaneous bidirectional multi-
level transmission system offers higher throughput at a given
pin-count and data symbol rate compared to a traditional unidi-
rectional binary transmission system. It is most suitable for low
loss or short link communications due to the low voltage mar-
gins and sensitivity to mismatched impedances. The decreased
SNR inherent in multilevel modulation is offset by the coding
gain of the trellis encoder and the Viterbi decoder. The adap-
tive channel pre-emphasis is based on a traditional receiver
adaptive equalization design and utilizes the inherent feedback
loop of the simultaneous bidirectional channel to automatically
adjust pre-emphasis for channel loss compensation. The pro-
posed design has been verified with Cadence SpectreRF with
Verilog-A simulations. The channel loss characteristic is based
on an FR-4 material model which has the standard glass epoxy
substrate with approximately 1 dB loss per inch at 10 GHz. The
simulation results show that the applied adaptive pre-emphasis
for channel loss compensation can dramatically reduce the ef-
forts needed to recover the data at each receiver side.
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