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Abstract- A 20Gb/s transmitter employing an analog filtering pre-
emphasis equalization technique is presented. The transmitter
dissipates 10mW from a 1.2V supply and occupies 0.01mm?. This
high-frequency boosting equalization technique allows for
compensating channel losses up to 20dB at Nyquist-rate. The
prototype was fabricated in 65nm CMOS technology and
characterized using lossy cables and 5" and 10" FR4 PCB traces.

Index terms — Transmitter, equalization, intersymbol
interference (ISI), pre-emphasis.

I. INTRODUCTION

One of the main challenges of the modern wireline
communication systems is the severe frequency-dependent
loss in the channel. Even a relatively short channel can
introduce large distortions at high data rates. The intersymbol
interference (ISI) caused by the channel degrades the timing
jitter, signal to noise ratio (SNR) and ultimately the bit error
rate (BER). To compensate for channel losses, transmitter pre-
emphasis, receiver equalization or both can be applied.
Receiver equalization typically involves mixed-signal circuitry
with stringent speed, accuracy and noise requirements. This
leads to considerable power overhead. Low-power
equalization at the transmitter can simplify the design of the
receiver and help with the overall power consumption [1].

Finite impulse response (FIR) and analog filters are the
two most commonly used techniques for transmitter pre-
emphasis [2]-[5]. FIR-based transmitters require additional
hardware for generating delayed versions of the data. At high
data rates the extra hardware consumes a considerable amount
of power. Additionally, FIR pre-emphasis reduces the output
signal swing due to the low frequency attenuation of the
transmitted data. As a result, the power penalty of employing
this technique at high data rates can be very large. On the
other hand, analog filtering does not require any additional
active component and solely relies on passive devices and
offers high power efficiency. Although passive devices
occupy a large area, as the frequency of operation increases,
the area drops. In addition, since high quality factor is not
necessary, a 3D layout can help to reduce the area. The basic
idea behind analog filtering technique is to boost the high
frequency content of the transmitted signal to compensate the
high frequency attenuation of the channel. In this paper we
discuss a novel transmitter employing analog filtering that
enables data rates up to 20Gb/s over high loss channels.

II. SYSTEM ARCHITECTURE

Shunt, series, shunt-series, and shunt-double-series
techniques have been previously used in order to enhance the
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bandwidth of amplifiers and compensate capacitive loads [6].
In many signaling applications, the bandwidth of the links is
limited due to the lossy-capacitive (RC) behavior of the
channel. In this work, modified peaking techniques are
employed to compensate the effective capacitance of the trace
and equalize the channel loss. The maximum bandwidth
enhancement can be achieved through employing the shunt
and double-series technique, which involves using six
inductors in a differential implementation as shown in Fig. 1.
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Fig. 1. Shunt and double-series bandwidth enhancement technique.

In this technique the line capacitance (Cp) forms a series LC
with L;. As a result, the effect of Cp is cancelled at the
resonant frequency 1/(2nVL;Cy). Around this frequency, the
transfer function from the differential pair transistor current
(Iin) to the output can be simplified to equation (1). L, and Cp
form a pair of complex conjugate poles that introduce a
considerable amount of peaking in the transfer function.
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As the quality factor of the inductor is not high, a fairly
broadband peaking is obtained. Another zero at f,=R/(2znL,)
can be added to the transfer function through L,, as in shunt
peaking technique. The main drawback of this technique is the
excessive silicon area required. In order to alleviate the area
penalty, the inductors are replaced by two T-coils [6] that offer
the same performance as shown in Fig. 1. To further improve
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the area efficiency of this technique, we have utilized the fact
that the two branches of the differential transmitter carry
currents in opposite directions. By mutually coupling the coils
in two branches, we obtain the same inductance in a smaller
area.
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Ly | 500pH | C3 | 10fF
L, | 540pH | M4 | 200pH
Ry | 6.5Q | M, | 350pH
R, | 6.4Q | M5 | 210pH
Cs+ | 10fF | M, | 240pH
C, 10fF
Ly |230pH | C3 | 5fF
L, |190pH | M4 | 55pH
Ry | 4.0Q | M, | 105pH
Rz | 42Q | M; | 64pH
C, 5fF M, | 82pH
C, 5fF

Fig. 2. Segmented T-coil layout and model generated using IE3D
electromagnetic simulator.

Moreover, the opposite direction currents in the two branches
significantly reduce the magnetic field outside the T-coil area,
allowing for dense arrays of transmitters without considerable
crosstalk between them. Fig. 2 shows the schematic and layout
of the coupled T-coils. They are interwound using three thick
metal layers. Although the utilized technology provides only
two thick metal layers, a third is realized by stacking three thin
metal layers as shown in Fig. 2. In order to be able to equalize
different channels with different amount of loss, the inductors
in each T-coil are segmented using MOS switches with 2 bits
of resolution (Fig. 4). This allows for adjusting the inductance
to introduce different levels of peaking. In addition to
inductive peaking, a zero-peaking technique is employed by
adding a variable parallel RC to the source of the transmitter
(Fig. 4). This introduces a zero at frequency 1/(2nRC). The
variable resistor is implemented using an NMOS transistor in
triode. According to simulation, about 10dB of peaking is
achieved by using this technique. The transmitter is comprised
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of two stages as shown in Fig. 4. The first stage is the pre-
amplifier that drives the output stage. The output stage utilizes
T-coil and zero peaking. The segmented T-coils were
simulated in an electromagnetic simulator (IE3D) and
modeled, shown in Fig. 2. Fig. 3(a), (b) show the simulation
results for the transmitter connected to two different channels.
The channel response, along with different levels of pre-
emphasis, is shown for 5" and 10" FR4 PCB traces. An
improvement in bandwidth from 800MHz to 8GHz is
achieved with optimal pre-emphasis.
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Fig. 3. Simulated transfer characteristics of the transmitter and
channel for different levels of pre-emphasis, (a) 5" FR4 channel, (b)
10" FR4 channel.

III. MEASUREMENT RESULTS

The prototype was fabricated in a 65nm CMOS process. The
chip micrograph is shown in Fig. 9. The transmitter consumes
10mW from a 1.2V supply and provides 250mV (peak-to-
peak) output swing. The transmitter was tested with an on-chip
PRBS-7 generator. A high speed, 32bit shift register was also
integrated to enable applying arbitrary patterns to the
transmitter for testing and debugging purposes. The output of
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Fig. 4. Transistor-level schematic of the transmitter employing segmented T-coils.

the on-chip PRBS-7 generator was sent through a lossy cable
as well as 5" and 10" FR4 PCB traces at maximum rate of
20Gb/s. Fig. 5 shows the transfer characteristics of these
channels. A 2-tap FIR was simulated in MATLAB with the
same channels to compare the performance of the analog filter
and FIR-based pre-emphasis techniques in channel loss
compensation. As shown in Fig. 6, by employing the proposed
pre-emphasis technique at 15 Gbps over the lossy cable (7dB
loss at 7.5GHz), a completely open eye with less than 12ps
peak-to-peak jitter was measured. Fig. 7 illustrates the
measured and simulated eye-diagrams at the output of 5" and
10" FR4 channels while a 15Gb/s data was sent by the
proposed transmitter and a 2-tap FIR respectively. The 5" and
10" FR4 channels introduce about 15dB and 20dB loss at
7.5GHz. A 20Gb/s data was also sent through the lossy cable
with 10dB loss at 10GHz. The output eye-diagram has less
than 18ps peak-to-peak jitter as shown in Fig. 8. It is important
to note that the circuit non-idealities are not included in the
simulations of the 2-tap FIR and the actual circuit performance
is expected to be worse.
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Fig. 5. Channels transfer characteristics.
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Fig. 6. Transmitter output at 15Gb/s over lossy channel with 7dB
loss.
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Fig. 7. Output of the channel before and after equalization with the 2-
tap FIR equalizer and analog filter. (a) at 15Gb/s over 5" FR4, (b) at
15Gb/s over 10" FR4.



TABLEI
PERFORMANCE SUMMARY AND COMPARISON WITH OTHER DESIGNS.

This work [2] [3] [4] [5]
Rate 20Gb/s 20Gb/s 10.3Gb/s 20Gb/s 40Gb/s
Loss 20dB 12.8dB 18dB 10dB 19dB
power 10mW 59mW 0.26W" 45mW 135mW
TX output 250mVpp 300mV 250mV 400mV -
Process 65nm 65nm 90nm 65nm 65nm
Supply 1.2V 1.2V 1.2V 1.2V 1.2V
Area 0.01mm’ 0.29mm’ 0.166mm’ 0.03mm’ 0.63mm’
Type Analog Filter 2-Tap FIR 3-Tap FIR 2-Tap FIR 5-Tap FIR

* Includes the entire transceiver
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Fig. 8. 20Gb/s output over lossy channel with about 10dB loss at
Nyquist rate, (a) before equalization, (b) after equalization with 2-tap
FIR (left, simulated) and analog filter (right, measured).

The high frequency peaking introduced in this technique
may cause extra far-end crosstalk (FEXT) in highly parallel
communication links. The resulting crosstalk can be cancelled
employing low-power crosstalk cancellation techniques [7].

Table I compares the performance of this design with FIR-
based transmitters. To achieve the same output swing, the 2-
tap FIR requires twice as much power as the proposed design.
In many FIR-based pre-emphasis designs [2-5] shunt peaking
inductors are required to meet the bandwidth constraint of the
CML delay elements. These inductors impose a large area
penalty as shown in table I. The comparison table and the
measured/simulation results in Fig. 7 and Fig. 8 show superior
performance for the analog filter-based equalization technique
both in terms of channel loss compensation and power and
area efficiencies.

IV. CONCLUSION

A 20Gb/s transmitter utilizing efficient analog filtering is
presented. The proposed pre-emphasis technique supports data
transmission over PCB channels with loss levels in excess of
20dB at BER<10'2. The proposed architecture consumes
significantly less power compared to an FIR transmitter that
has similar performance, while occupying very small silicon
area.
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Fig. 9. Transmitter die micrograph.
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