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Abstract—The paper proposes a method for automated op-
timization of line driver pre-emphasis parameters by utilizing
the measured transfer function (TF) of the channel. Pulse-
echo measurements are performed in which pulses with a given
frequency and duration are transmitted into the channel and the
amplitude of the resulting echo detected to evaluate frequency-
dependent line loss. The echo amplitude is indirectly detected
using transmit pulses with different amplitudes and a simple
comparator-based circuit that detects when the echo amplitude
exceeds a user-defined threshold. The result is used to estimate the
cable loss, and the process repeated for different input frequencies
to estimate the channel TF. The proposed estimation procedure
is validated using a transistor-level implementation in 65 nm
CMOS for data rates up to 1 Gb/s, channel losses up to 15 dB,
and a receiver reflection coefficient of —20 dB.
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I. INTRODUCTION

All physical wired communication channels have transfer
functions (TFs) with low-pass characteristics. Thus, as data
rates continue to increase, the attenuation of signals through
such channels (e.g., cables, PCB traces, and bond wires) is
becoming more pronounced. The resulting frequency disper-
sion generates inter-symbol interference (ISI) in the received
signal, increasing the bit-error rate (BER). ISI can be mit-
igated via pre-emphasis or feed-forward equalization (FFE),
which manipulates the transmitted symbol shapes to sharpen
transitions in the received signal. The effect of pre-emphasis
in the frequency domain is to increase high-frequency content
in the transmitted signal, canceling the low-pass cable TF [1].

Pre-emphasis is normally implemented via a finite impulse
response (FIR) filter with N taps. The example shown in
Fig. 1(a) uses K = 3 taps that are known as the pre-cursor,
main-cursor and post-cursor, respectively. Only the weights of
these taps are usually adjustable, while their relative delays
are fixed to one clock cycle (i.e., 1xUI). In recent work, we
have shown that the range of FFE transfer functions can be
expanded by also allowing the relative time delays between the
taps to be programmable [2]. The generic output waveform of
such an adaptive driver is shown in Fig. 1(b). The parameters
of the filter (in this case, three weights and two relative delays)
determine the spectrum of the transmitted signal. ISI is min-
imized when the transmit spectrum approximates the inverse
of the cable TF, thus ensuring that the received spectrum is
flat within the bandwidth of interest (typically, at least 1/UI)
as shown in Fig. 2(a). Obtaining such a flat-band response
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Fig. 1. (a) Example implementation of pre-emphasis via a three-tap FIR filter.
(b) Generic bit shape generated by the FIR filter.
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Fig. 2. (a) In an ideal case, pre-emphasis inverts the channel TF such that
the spectrum of received data becomes flat within the transmit bandwidth. (b)
A more realistic example, showing the use of a K = 3 tap FFE to invert the
TF of a 2 m long radio-pure stripline fabricated on a flexible PCB.

requires the cable TF to be known; in this case the optimum
FIR filter coefficients can be derived via an optimization
procedure (see Fig. 2(b) for an example). Alternatively, it is
also possible to find these optimum pre-emphasis parameters
via an exhaustive search. However, neither method is feasible
in practice since 1) the cable TF is not known, and 2) an
exhaustive search is too time-consuming. Thus, this paper
focuses on developing an automated method to obtain optimal
FFE parameters for an arbitrary channel.

Earlier self-adaptive line drivers have attempted to solve this
problem by automatically adjusting their source impedance
to improve matching for different transmission lines [3]. In
addition, auxiliary feedback information from the receiver
(e.g., the measured BER) has been used for autonomous
optimization of the driver’s output voltage swing [4].

Here we propose a novel calibration method for line drivers
with configurable pre-emphasis. Our approach uses on-chip
line loss sensing to autonomously find the optimal transmit
parameters for driving the cable, i.e., the waveform which min-
imizes power consumption while ensuring acceptable BER.
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The rest of the paper is divided into four sections. Section II
describes the optimization methodology, while Section III
describes a transistor-level implementation of the proposed
scheme. Section IV discusses simulated results obtained from
the implementation, while Section V summarizes our contri-
butions and discusses future work.

II. OPTIMIZATION SCHEME

The proposed scheme has two main steps, namely transfer
function measurement and figure of merit (FoM) minimization,
as seen in Fig. 3(a). Unlike earlier work [5], the cable TF
is only measured from the driver side, thus eliminating the
need for communication with the receiver. For this purpose,
the cable is driven by a periodic waveform centered around
a frequency w;,. Assuming non-zero impedance mismatch
between the cable and load, which is a safe assumption for
practical systems, a fraction of the signal is reflected towards
the driver from the receiver to form an echo. The amplitude of
this signal is given by veeno(win) = |[H (win)|*TLv7rx (Win)
where H(wj,) is the transfer function of the cable, 'y is
the reflection coefficient at the receiver, and vrx (w;y,) is the
transmit signal amplitude. Since the output amplitude of the
driver is known, we can estimate the frequency-dependent TF
of the cable, H(w), by measuring the received echo amplitude
for different values of w;,. Obviously, this estimate is only
quantitative if I'z, is known, for example if the receiver (which
is matched during normal operation) is purposefully mis-
matched during calibration. However, even if I', is unknown,
our measurement will be approximately proportional to H (w)
as long as the frequency dependence of I', is relatively weak,
thus providing enough information to determine the optimal
FFE coefficients (i.e., pre-emphasis parameters).

As for other pulsed measurements (such as time-domain
reflectometry, radar, and ultrasound), the choice of transmit
waveform is governed by a trade-off between frequency and
time resolution. Specifically, narrowband waveforms provide
high frequency resolution but have poor temporal resolution,
while broadband waveforms are the reverse. Moreover, the
received signal-to-noise ratio (SNR) is proportional to signal
energy, and thus increases with waveform length. Since our
primary goal is to reconstruct the cable TF, H(w), narrow-
band waveforms such as continuous wave (CW) tones are
preferable. However, detecting weak echo signals in the pres-
ence of such a CW transmission requires complex duplexer
circuits [6]. To avoid the need for duplexers, we implement
a pulsed measurement scheme using N-cycle tone bursts
(i.e., a repeating 0101...... bit pattern with a bit period of
T = m/wip). The bandwidth of such a pulse is ~ w;,/N,
thus allowing the value of N to be adjusted to provide an
appropriate trade-off between resolution and SNR. Note that
the cable should be long enough for its propagation delay
to exceed the duration of the pulse train. A Fourier analysis
shows that the amplitude of the fundamental component (at
win) is 4/7 2.1 dB larger than that of the peak. Also
note that the resulting spectrum is a sinc function, which has
relatively high sidelobes. If required, the amplitude profile

~
~
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can be modified to a smoother function, such as triangular
or Hamming-like, to reduce the sidelobe level.

The proposed scheme relies on performing swept-amplitude
pulse-echo measurements. In other words, the driver generates
pulses with monotonically increasing amplitudes and monitors
the amplitudes of the resulting echoes. Rather than measuring
the exact amplitude of each echo in the sweep, which would
require a prohibitively power-hungry ADC, we instead use a
low-power comparator to sense the echoes. The comparator
uses built-in hysteresis to ensure that it is only triggered
when the echo amplitude exceeds an input-referred threshold
voltage, Virrn. The sweep is stopped and the current transmit
amplitude, Vrx, recorded once the comparator detects the
echo, thus enabling |H (w;,,)|>T'r, to be indirectly estimated
as the ratio Visrn/vrx (wip). Specifically, since vrx is de-
termined via the driver amplitude setting, which is known, the
desired transfer function is inversely proportional to the square
root of the value of vy x at which the echo is first detected.
Assuming M-bit amplitude control, the dynamic range (DR)
for channel TF sensing is 2M/2 ~ 3M dB. Thus 5-bit control
provides a DR of =~ 15 dB, which is sufficient to determine
pre-emphasis parameters for the channels of interest.

Fig. 3(b) shows a simplified block diagram of the proposed
adaptive line driver. The design, which is implemented in
standard 65 nm CMOS technology, is intended for data
transfer in cryogenic environments (77K and above) at rates
up to 1 Gb/s [2]. It uses a current-mode (CML) driver with
programmable bias current (controlled by the digital word
SWING) to generate the probe pulses. While voltage-mode
drivers can consume up to 4x less power then CML for the
same swing, they are difficult to use with pre-emphasis since
their output swing and output impedance are strongly coupled.
By adjusting their swing based on measured line loss, adaptive
CML drivers can thus consume less power than voltage-mode
equivalents for low- and moderate-loss cables.

The reflected echo is amplified and thresholded by a hys-
teretic comparator. A digital counter enabled after the output
pulse is sent is used to estimate N;omp, the number of edges
present in the comparator output. This number is compared
with a user-set minimum count value, Ny;rn. The echo is
assumed to have been detected (resulting in OUT going high)
only if Neomp > Nasrnv. The value of Nysrn can be adjusted
to trade-off between robustness to noise (higher Njy;rn) and
sensitivity (lower Nysrn).

III. CIRCUIT IMPLEMENTATION

The performance of the proposed cable TF measurement
system is largely limited by that of the comparator, which
should have a high gain-bandwidth product to ensure adequate
sensitivity over the desired range of data rates. Also, its input-
referred threshold, V7w, should be set to a level that is 1)
high enough to avoid being triggered by noise, and 2) low
enough to ensure that weak echoes can be detected. Sensitivity
is thus maximized for a noise-dependent value of Visrn;
this is an example of stochastic resonance (SR) [7], a well-
known phenomenon in which the response of a nonlinear
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Fig. 4. Fractional counting error of the hysteretic comparator as a function of
normalized noise level, 3, for several values of input SNR. Error bars denote
=+1 standard deviation after 500 trials.

system to a weak periodic input signal is optimized by the
presence of a particular, non-zero level of noise. For low noise
levels, weak signals cannot cross the threshold of the bistable
element (hysteretic comparator), so little signal passes through
it and output SNR is low. For high noise levels, the output is
dominated by the noise, also leading to low output SNR. At
moderate levels, the noise is large enough to allow the signal
to cross the threshold but not large enough to dominate the
output, thus maximizing output SNR. As described in [8], the
dynamics are defined by two dimensionless parameters: the
normalized input signal amplitude & = Vecho/Varrn and the
normalized (rms) noise level 8 = o /Virn. Note that the input
SNR (in rms units) is given by vecho/o = a/B.

Let us denote the number of signal edges detected by the
comparator by Neomp, and recall that the desired (or ideal)
number is 2/N. Fig. 4 shows the fractional counting error
€comp = (Neomp/2N —1) versus 3 for several values of input
SNR. For high SNR (20 dB in this plot), noise is not required
to detect the signal, S0 €comp = 0 for values of 3 < 0.25 before
gradually increasing due to generation of spurious edges. For
intermediate SNR values (14 and 9.5 dB in this plot), we
observe noise-assisted signal detection, as predicted by SR.
Specifically, note that 8 ~ 0.25 is optimal in the sense that
it enables €.omp ~ 0 to be obtained at the lowest possible
input SNR (9.5 dB in this case). Finally, for low SNR (6 dB
in this plot), the added noise is too large to be useful and low
counting error (i.e., €.omp ~ 0) cannot be obtained.

Fig. 5(a) shows a high-level schematic of the proposed
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Fig. 5. (a) High-level schematic of the proposed hysteretic comparator. (b)
Schematic of the first stage (A1). Stages #2 and #3 are identical apart for the
addition of a cross-coupled inverter pair (i.e., latch) in stage #3.

comparator. The design consists of three fully-differential
amplifiers (A;, As, and Aj3). The use of multiple gain stages
ensures a high gain-bandwidth product. The first two stages are
AC-coupled to reject unwanted low-frequency signals, such as
common-mode shifts. The third stage includes a weak latch
(cross-coupled inverter pair) to generate a moderate amount
of hysteresis, V. The value of Vi can be adjusted via the
strength of the latch. Fig. 5(b) shows the schematic of the
first stage. The circuit uses complementary (inverter-like) input
pairs to allow current reuse, which in turn results in higher
transconductance and lower input-referred noise. The PMOS
bias voltage, Vp, is set by a replica circuit (not shown), while
the MOS capacitors C'yp and C'yy are used to neutralize the
nonlinear differential-mode capacitance of the input pairs.
For a bias current of /g = 800 uA, the combined small-
signal gain of the two pre-amplification stages is 34.4 dB
with a —3 dB bandwidth of 0.12-1.30 GHz. Thus, the
overall gain varies by only 0.8 dB over the desired operat-
ing bandwidth of 0.15-1.0 GHz, making it unnecessary to
compensate for frequency-dependent comparator gain. The
input-referred in-band noise PSD and total output noise are
U?x,m ~ 2.3 nV/Hz'/? and 04y = 20.6 mV,.,,, respectively.

Thus, the total input-referred noise for in-band frequencies is
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Fig. 6. (a) Estimated and actual insertion loss for a 2 m flexible low-mass stripline cable. (b) Line driver output amplitude sweep at a center frequency of
600 MHz. (c) Edge counter and edge count threshold comparator outputs for the 2 m long cable at different center frequencies.

~ 90 puV,ms. The hysteresis level is set to Vi ~ 140 mV,
resulting in an input-referred threshold of Vi iy ~ 0.37 mV.
The corresponding value of 8 ~ 0.24 is almost independent
of frequency and close to the optimum shown in Fig. 4.

IV. RESULTS

Since the duty cycle of the driver is low, the power con-
sumption of the TF measurement system is dominated by the
comparator. For the nominal /g = 800 pA, the entire system
consumes ~2.5 mA from a 1.5 V supply. Note that the system
can be powered down once the measurement is complete, i.e.,
does not increase power consumption during normal operation.

The accuracy of the proposed method was tested by de-
signing and simulating the entire channel TF measurement
block at the transistor level using TSMC 65 nm device models.
Pulse widths were set to N = 5 cycles, resulting in an ideal
comparator output count value of N¢opmp = 10. The output
amplitude of the CML driver was linearly increased with
M = 5 bit resolution using a current DAC, resulting in an
output amplitude step size of AVpx ~ 14.4 mV and a peak
amplitude of ~ 0.46 V into a matched load. Four simulations
run at different frequencies ranging from (0.4 - 1) GHz. In each
case, the output value, SWING, of the counter that controls
the CML driver amplitude was recorded when the detected
edge count of the comparator reaches Ny;rny = 4.

In order to estimate the channel loss, we find the reciprocal
of the SWING value, take its square root, and then convert
the result to dB. In practice, these computations can be
replaced by a small lookup table (LUT). In either case, since
I'y, is generally unknown, the results are scaled to match the
actual or simulated TF of the cable via a one-point calibration
method. The results of this process are shown in Fig. 6(a) for
a 2 m long flexible low-mass stripline cable (designed for use
within a time projection chamber) and I';, = —20 dB. The
figure shows that 1) the measured TF from the testbench is a
good approximation to the actual channel TF, and 2) only a few
data points across the operating frequency range are required
to obtain an accurate estimate of the slope of the channel TF,
d(|TF(w)|/dw, which is the main input required to optimize
the FFE coefficients. Also note that the one-point calibration
step is only required for display purposes, and does not need
to be performed in order to estimate d(|TF (w)|/dw.
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The driver output showing the amplitude sweep and the
digital outputs (edge counter and edge count threshold) of the
block are shown in Figs. 6(b) and 6(c), respectively. Note that
the edge counter starts to increase progressively later during
the sweep as the input frequency increases, as expected due
to the increase in cable insertion loss.

V. CONCLUSION

This paper has presented an embedded self-calibration
method for minimizing the power consumption (or more
generally, a suitable FoM) of line drivers with programmable
pre-emphasis. Compared to the state of the art, this is the
first to include TF estimation at the transmitter. The proposed
technique is particularly suitable for obtaining “plug-and-play”
functionality, i.e., enabling the driver to automatically estimate
the optimal single-bit waveform for driving any channel. The
technique, implemented in 65 nm CMOS, can be readily
extended to drivers with higher data rates and/or multi-bit
outputs (e.g., using PAM-4 encoding). Future work will focus
on 1) experimental validation using a variety of channels; and
2) digitizing the pulse propagation delay, allowing the phase
and group delay of the cable TF to also be measured.
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