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A 40 mV-Differential-Channel-Swing Transceiver
Using a RX Current-Integrating TIA and a TX
Pre-Emphasis Equalizer With a CML Driver at 9 Gb/s
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Abstract—A differential transceiver achieves a 40 mVppd
channel signal-swing, a 9 mVppd receiver (RX) input sensitivity,
and a 0.59 pJ/b energy efficiency at 9 Gb/s with a 12”7 FR-4
channel. A current-integrating TIA (CI-TIA) is proposed as a RX
pre-amplifier to enhance the RX input sensitivity by increasing the
voltage gain of the CI-TIA to around 18 at 9 Gb/s. The RX circuit
alone works up to 11 Gb/s with a 1’ FR-4 channel. A voltage-mode
pre-emphasis equalizer is combined with a current-mode logic
(CML) driver at transmitter (TX) to save the low-frequency
de-emphasis current of the conventional current-mode equalizer
combined with a CML driver. The voltage-mode equalizer con-
sists of a series connection of an inverter and a capacitor; the
equalization coefficient is proportional to the supply voltage of the
inverter. The transceiver chip in a 65 nm CMOS process consumes
2.8 mW at TX and 2.5 mW at RX with a 1 V supply and a 12"
FR-4 channel at 9 Gb/s.

Index Terms—Current-integrating, differential transceiver, low-
power, low-swing, pre-amplifier, pre-emphasis equalizer, RX input
sensitivity, TIA.

I. INTRODUCTION

IFFERENTIAL transceivers (Fig. 1) are widely used to

transmit data between two chips at high data rates through
a differential transmission line. The data rates of the transceivers
are ever increasing to meet the data bandwidth requirements of
transmitted data such as video data. With the increase of data
rates, the power consumption of transceivers increases and can
reach a significant portion of the entire chip power. The power
(Pr1) used in driving transmission line is approximately pro-
portional to the channel signal swing (Vgw) in a differential
CML driver with both TX and RX terminations, as shown in

().
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Fig. 1. Conventional source-synchronous differential link.

where Vpp is the supply voltage, Zy is the characteristic
impedance of transmission line, and the termination resistance
is assumed to be the same as Zgy. In (1), it is assumed that the
transmission line is lossless. Because Py, is proportional to
Vsw, it is effective to reduce Prr, by reducing Vgw [1]. The
pre-driver power is also reduced in the CML driver as Vgw
is reduced because the input capacitance of the main driver is
reduced due to the reduction of the main driver current.

The minimum Vgw is limited by the receiver (RX) input sen-
sitivity (Vsw MIN.rx) that is the minimum detectable signal
swing at the RX input pin. There is a trade-off in Vgw MIN RX;
a small Vsw yin.rx allows a small Vgw and hence a small
Pr1 but a large RX power and a large sensitivity to crosstalk.
In this work, Vaw is minimized to reduce Prr,. Vew MIN.RX 18
determined by a RX pre-amplifier and a RX sampler as shown
in (2) [2].
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where a1, is the attenuation coefficient of transmission line,
A, is the voltage gain of RX pre-amplifier, G, sam and Cr, sam
are the trans-conductance and the load capacitance of RX sam-
pler. Vogpa and Vg gam are the input-referred offset voltages,
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Fig. 2. TIA circuit: (a) R-load TIA, (b) CI-TIA.

and Vyeq.pa and Vyeq.sam are the rms input-referred noise volt-
ages of RX pre-amplifier and RX sampler, respectively. A con-
stant 14 is multiplied to the rms noise term to guarantee BER <
1E — 12 when the peak-to-peak differential (ppd) RX input
swing is larger than the RX input sensitivity (Vsw mMIN.RX)-
The RX input sensitivity published in the literature ([3]-[6])
is usually larger than 30 mVppd; it is difficult to improve the
RX input sensitivity further because the voltage gain (A, ) ofa
pre-amplifier (equalizer) has a small value (<0 dB) at low-fre-
quencies and the input sensitivity of the following sampler is
around 30 mVppd.

In the conventional differential transceivers, a voltage-mode
driver with a voltage regulator is used at TX to reduce the
channel signal swing to 150 mVppd [7]; voltage-mode equal-
izer is used at TX and a trans-impedance amplifier (TIA) and
a CTLE circuit are used at receiver (RX). The channel signal
swing is further reduced to 100 mVppd by using current-mode
logic (CML) driver at TX and a differential amplifier and a
CTLE circuit at RX [8].

In this work, the channel signal swing is reduced to 40
mVppd by employing a CML driver and a voltage-mode
equalizer at TX and a TTA circuit at RX; these three circuits re-
place the shaded areas of Fig. 1. The current-mode driver was
chosen in this work because it is easier to control the channel
signal swing compared to the voltage-mode driver. Also, the
current-mode driver is less sensitive to the supply noise than
the voltage-mode driver. In the conventional differential trans-
ceivers with parallel terminations at both TX and RX ends of
transmission line, the CML driver consumes around 4-times
power than the voltage-mode driver. To reduce CML driver
power, only RX termination is used in this work, excluding
TX termination. Because the TX-end of transmission line
is not terminated, the reflection due to the RX pin parasitic
may degrade the signal integrity for the case of short-length
transmission lines. Usually, long transmission lines are used
for serial links; the reflection due to the RX pin parasitic will
decay to zero before reaching the TX-end of transmission line
because of the transmission line loss for the case of uniform
transmission lines without discontinuities such as connectors.

The 40 mVppd channel signal swing was achieved in this
work because the RX input sensitivity was enhanced to 9
mVppd by using a high-gain pre-amplifier at the RX front-end.

The high-gain pre-amplifier was implemented with a cur-
rent-integrating TIA (CI-TIA). No equalizer is used at the RX
of this work. Instead, equalization is performed at TX. The
TX equalization circuit is easier to implement than the RX
equalization circuit because the TX equalization handles a
rail-to-rail full-swing signal while the RX equalization deals
with a reduced-swing signal.

The TX voltage-mode equalizer of this work was imple-
mented with a capacitive pre-emphasis equalizer ([9]-[12]);
this eliminates the DC current loss of current-mode equalizer
in conventional transceivers. The current-mode equalizer used
with a current-mode driver in the conventional transceivers
performs a de-emphasis operation; this induces a current loss
that flows through the driver and the equalizer at DC input.

The details of the RX CI-TIA and the TX equalizer are
explained in Section II and Section III, respectively. Section IV
presents the measurement results. Section V concludes this
work.

II. CURRENT-INTEGRATING TIA OF RX

Because this work is targeted for the chip-to-chip interface
with different supply voltage such as the memory controller and
DRAM chips [5], [13], the channel voltage levels are required to
be lower than half the supply voltage. Either a PMOS voltage-
mode amplifier ora NMOS common-gate (CG) TIA can be used
as the RX pre-amplifier in this work. An NMOS CG-TIA is
chosen as the RX pre-amplifier in this work, because the NMOS
CG-TIA is more efficient than the PMOS voltage-mode ampli-
fier in power and operating speed; the NMOS CG-TIA converts
the common-mode level close to the supply voltage and this en-
ables to use a power-efficient NMOS-based sampler after the
RX pre-amplifier while the PMOS voltage-mode amplifier re-
quires a PMOS-based sampler.

A. Comparison of CG-TIA and CI-TIA

To enhance the advantage of the CG-TIA further by in-
creasing the voltage gain, a current-integrating CG-TIA
(CI-TIA) is proposed as the RX pre-amplifier in this work.
Two types of CG-TIA (R-load, CI) are compared in Fig. 2
in a single-ended configuration for clarity, although they are
implemented in a differential configuration. The voltage gain
of the R-load TIA (Fig. 2(a)) is limited to Ry, r /Zin g that is
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usually smaller than 5 because the value of Ry, g is limited
for high-speed operation. The voltage gain of the CI-TIA
(Fig. 2(b)) (Apa_c1) is given by (3).

n-Ip

- 3
2-Cri-Zing ®)

Apa_CI -
where T is the data period (1/Ip) and 7 is the gain reduction
factor due to the signal slew; 7 is around 2/ for high-frequency
data and around 1 for low-frequency data [14]. Ap, ¢ i in-
versely proportional to the data rate (fp); Ap,_ci is around 18
at 9 Gb/s with Tp = 111 psand n = 1.

The value of the input impedance of the CI-TIA (2 - Zin1 =
1/gmn ) is adjusted to 3Zg (150 €2) by using a constant transcon-
ductance current source for Iz 1. R 1 is set to 3Zg. This combi-
nation of Zin.1 and R 1 was chosen as a compromise to main-
tain a large voltage gain and a low-power for the CI-TIA while
keeping the impedance matching (2-Zin 1|2 Zn 1]|R1.1 = Zo)
at the RX input node.

For the quantitative comparison of power between CG-TIA
(R-load) and CI-TIA, both the voltage gain and the input
impedance of the CG-TIA and the CI-TIA are set to be the
same. The voltage gain of the CG-TIA (Ap,_ce) is given by

Rrr _ Tp @
Zinr 3-CrLr-ZiNR

Apa_CG =

where T, is a data period, and the settling time requirement of
3 x Ry r X Cogr = Tp [14] is used in the derivation of (4).
The requirement of A, cg = Ap,_cr1 gives the ratio of Cgpn
and Cqpr1, and the W/L ratio of MI1 and MR1 is set to be the
same as Capr1/Capri- Cepir and Cepry are the gate-drain
capacitances of MI1 and MR 1, respectively. The ratio of current
consumption by the CG-TIA and CI-TIA can be derived from
the requirement of Zin g = Zn.1 and the W/L ratio of MI1
and MR1. The average power consumption of the CG-TTA and
CI-TTIA of Fig. 2is Iy g X Vpp and 2 x I 1 X Vpp, respectively.
The ratio of 2 x Ig 1 and I R is given by

2-Ipy 1 { Caprz+ (1 —-3-7) x Cg.sam }
=-—xq1l+
Ipr 3-m Cepn
(5)

where C¢ ganm is the input capacitance of the following sampler
and Cgpiz is the gate-drain capacitance of the PMOS switch for
pre-charging. For the CG-TIA, two samplers are connected to
the Vg node for the 1-to-2 deserializer operation. In this work,
Ca.sam (9 fF) is slightly larger than Cgpyz (7 fF) and Cgprg is
around 16 fF according to a simulation; the current ratio changes
from 0.1 to 0.48 as 7 changes from 1 to 2/m. This shows that
the proposed CI-TIA consumes around half power (n = 2/x)
compared to the conventional CG-TIA with the same voltage
gain and the same input impedance.

B. Operation of CI-TIA

Parasitic capacitors are used for the integrating capacitor
Cr.1; Cr1 determines Ap,_c1 and Cr, 1 of this work is around
40 fF according to the post-layout simulation. Two half-rate
clocks (CKg, CKp) are used to increase the integration time
to Tp in the even and odd paths of the CI-TIA, respectively.
The edges of CKg and CK( are assumed to be aligned to
the transition edges of the incident data signal at the RX
input node (Vgrxin) by using a source-synchronous clocking
with deskew and training operations [13], [15], [16]. During
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Fig. 3. Waveforms of CI-TIA (single-ended version).
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Fig. 4. Receiver circuit.

the pre-charging period, the integrating capacitor (Cp 1) is
pre-charged to Vpp. In the CI-TIA circuit of Fig. 2(b), the
capacitor voltage (Voo, Vor) is discharged by the current
((1/3)Icu + 0.5Igr.1 + Ip.1) during the integration period;
Iy is the incident channel current and Igrr1 is the current
through the termination resistor R 1. Icrp swings between 0
and Iemvax (400 pA). Igrg is an almost constant current
because the swing voltage of Vyxn is much smaller than its
DC operating point value. At the end of the integration period,
the output voltage of CI-TIA (Voo,Vor) swings between
Vop — ((1/3)Icumax + 0.5Igr1 + Ig1) x Tp/Cr and
Vpp — (0.5Igr1 + Ip1) x Tp/Cri; the common-mode
component due to 0.5 Iz 1 and Ig 1 reduces the drain-source
voltage of the NMOS transistor MI1 and may move MI1 out of
the linear operating range. To alleviate this common-mode shift
problem, a common-mode restoration circuit is used at Voo
and Vor [17]. The common-mode restoration circuit consists
of an additional NMOS capacitor of around 40fF connected
to the output nodes (Voo,Vor) of the CI-TIA. Through
the NMOS capacitor, a charge of (0.5Igr1 + Ig1) x Tp
is pumped into Cr 1 during the integration period; this op-
eration increases the common-mode of the output voltage
of CI-TIA (Voo,Vog) from 570 mV to 800 mV with
Vpp = 1V, so that Voo and Vgg swing approximately
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between Vpp — ((1/3)ICH.MAX) X TD/CL.I and Vpp at
the end of integration periods. When Icp is zero (Vsw = 0),
Vrxin and Vg 1 are around 360 mV and 840 mV, respectively.
With a single-ended input swing of 20 mV, the output voltages
(Voo, Vog) of the CI-TIA swings by around 360 mV; Voo
and Vg are sampled by a strongARM-type sampler at the end
of integration periods.

The receiver circuit of this work consists of even and odd
paths of a differential CI-TIA, a common-mode voltage (VCM)
tracking circuit, and a common-mode restoration circuit (Fig. 4).
The mismatches in input transistors (MI1) and bias currents
(Ig.1) contribute to the input-referred offset voltage of the TIA.
The VCM tracking circuit [5] is used for common-mode rejec-
tion; it monitors the common-mode input voltage change and
transfers the same amount of change to Vg 1.

The input resistance of each CG transistor (MI1) is set to
37 to maintain impedance matching at the RX input nodes
(VRXIN+, VRXIN—), as shown in Fig. 4. Because of the small
channel-signal swing (40 mVppd), the DC nonlinearity of the
CG transistor itself is smaller than 1.5% and the DC nonlin-
earity of the parallel connection of two CG transistors and a 37
termination resistor is almost negligible (<0.5%), as shown in
Fig. 5(a). However, the input impedance changes with the signal
frequency due to the pin parasitics, as shown in Fig. 5(b); this
might cause reflections at high-frequency.

A post-layout noise simulation reveals that a 20 mVpp
(+/—10 mV) 100 MHz sine-wave noise coupled with a nom-
inal 1 V RX supply generates a 3.7 mVppd noise at the CI-TIA
output (Voo, Vor) with a nominal eye opening of 520 mVppd.

C. Input-Referred Noise of CI-TIA

The input-referred noise of the combined circuit (CI-TTA
+ sampler) is represented by the input-referred noise of the
CI-TTA (pre-amplifier) only, because of the high-gain of the
CI-TTA (Fig. 6). In the conventional RX front-end circuit which
consists of a preceding equalizer as a pre-amplifier and a fol-
lowing sampler, the sampler noise cannot be neglected because
of the small low-frequency voltage gain of the pre-amplifier.
Thus, a large-size input transistor is required in the sampler to
reduce noise, and hence a large current is required by both the
sampler and the pre-amplifier for high-speed operation [18].
In this work, a small-size input transistor can be used in the
sampler because of the large voltage gain of the pre-amplifier
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(CI-TTA); this reduces the current consumption of both the
pre-amplifier and the sampler.

Fig. 7 presents the SPECTRE transient-noise simulation re-
sults for two circuits; one for a strongARM-type sampler and the
other for the CI-TIA of this work followed by the same sam-
pler. Only the thermal noise is considered without the flicker
noise because of the high-speed operation. The vertical axis rep-
resents the probability of the sampler output (RXDg) being “1”
among 100 samples with a DC differential input voltage (V).
The sampler is clocked by a half-rate clock of 4.5 GHz. Because
the effective input voltage is a sum of the random input-referred
noise voltage and VIN in the SPECTRE simulation, the proba-
bility plot of Fig. 7 corresponds to the cumulative distribution
function (CDF) of the input-referred noise voltage. From the
CDF, the rms input-referred noise voltage (Vneq) and the input
sensitivity with BER < 1E —12 are estimated to be 2.2 mV and
31 mVppd, respectively, for the sampler circuit. For the com-
bined circuit of the CI-TIA and the sampler, V.4 and the input
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TABLE 1
COMPARISON BETWEEN TwWO TYPES OF EQUALIZER
Voltage-mode
EQ DRV type Current-mode (Pre-emphasis)
Data transition no yes no yes
Channel current
IMAIN1 - IEQ1 IMAIN1 + IEQ1 IMAIN2 IMAINZ + IEQZ
(Icn)
Current
consumption Ivant + Ieqt | Imant + Ieas Inanz Imainz + Ieq2
Additional F/F for delay
circuit

sensitivity are estimated to be 0.36 mV and 5 mVppd, respec-
tively. Also, the rms input-referred noise current (Ineq) and the
input sensitivity of the combined circuit are estimated to be 6.4
1A and 89 pAppd, respectively. Because the ratio of Vyeq to
Ineq (56 ) is close to the input impedance of the RX front-end
circuit (50 €2), the effective rms input noise voltage of the com-
bined circuit is set to be V¢4 independently of the source resis-
tance value of the driving circuit.

III. VOLTAGE-MODE PRE-EMPHASIS AT TX

A CML driver is used for the TX main driver in this work
to generate a variable small channel signal-swing (Vgw). A
voltage-mode equalizer is combined with the CML driver for
TX equalization. A current-mode TX equalizer is usually com-
bined with the CML driver (Fig. 8(a)) in the conventional works
[19]; the channel current (Icu1) = Imani — Igq: at no data
transition (Dx = Dn 1), Iea1 = Imami + Igq: at data tran-
sition (Dy = 1 — Dy 1), and the combined TX driver (main +
EQ) always consumes the current of Ingani + Igq: indepen-
dently of data transition (Table I). The voltage-mode pre-em-
phasis TX equalizer of this work consists of a series connec-
tion of an inverter and a capacitor {Cgq) (Fig. 8(b)); both the
channel current (Icg2) and the combined TX driver current are
Intane at no data transition and they are Intatve + Igq2 at data
transition, respectively. For the fair comparison between the
current-mode and the voltage-mode equalizers, the same Ly is
maintained for the two cases of no data transition and data tran-
sition in Fig. 8(a) and Fig. 8(b), by setting Inmamni — Irq1 =
Imaine and Igqz = 2 x Iggi. Thus, the average current of
the proposed TX driver (Fig. 8(b)) is Inaini that is less than
Imaini + Igqu; the average current of Fig. 8(a). Besides, the
proposed TX driver does not require a high-speed flip-flop that
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is required in Fig. 8(a) to delay the data input by one data pe-
riod. An n-over-n inverter is used for the inverter of Fig. 8(b)
and its supply voltage is a regulator output voltage (Vrgg ) that
is much smaller than the supply voltage Vpp (1 V). The equal-
izer current (Igq2) is approximately Ve g - Cro - dD,, /di be-
cause the TX output node voltage is almost fixed to a constant
voltage due to the small input voltage swing of the RX TIA cir-
cuit. Thus, Teqz is the sum of a proportional current (Tnganz)
through the CML driver and a derivative current (Igqg2). The
proportional current reaches the RX-end of a transmission line
with some attenuation, while the derivative current mostly van-
ishes during transmission and compensates for the attenuation
of the proportional current at the RX-end. Inraine is set to 0.4
mA to achieve the RX input swing of 40 mVppd (£Iyainz-Zo)
in this work. The magnitude of Igq is controlled by changing
the inverter supply voltage (Vrec) depending on the transmis-
sion line loss.

For the quantitative analysis, the proposed TX driver
(Fig. 8(b)) can be modeled by an equivalent circuit shown in
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switch-type
regulator

2:1 serializer

Fig. 10. Proposed TX circuit (CM main driver + VM pre-emphasis equalizer).

Fig. 9(a);/BEQ is the on-resistance of the n-over-n inverter and
9mVpp Dy, represents the TX main driver. Cp is the chip pin
capacitance that includes the ESD and pad capacitance; Cp
is around 0.6 pF. The transfer function of the combined TX
driver is a combination of a low-pass filter (main driver) and a
band-pass filter (equalizer), as shown in (6).

Vrxour

—

VDD 'Dn
o ngO{].+SCEQ (REQ+Q‘21TEDGD)}
s2CrqCpREqZy+ s(CrgZo + CpZy + CroREg) +1
(6)

The equalizer peaking characteristic can be controlled by
changing either RpqCrq [11] or Vrre (Fig. 9(b)). The
RegqCrq control requires multiple parallel connections of
equalizers [11]; this increases the load capacitance at the
equalizer output node and reduces the amount of equalization.
The Vrge control requires a simple change of the regulator
output voltage; this takes less power than the R Cgq control
because there is no increase in the load capacitance due to
multiple parallel connections of equalizers.

The detailed circuit of the proposed TX driver with voltage-
mode pre-emphasis equalization (Fig. 8(b)) is presented in Fig.
10; it consists of a 2:1 serializer, a pre-driver, a main driver,
and a voltage-mode equalizer. Two half-rate data (Dg, Do) and
two half-rate clocks (CKg, CKp) are applied to the 2:1 seri-
alizer; Dg and Dg are in a quadrature phase and CKg and
CKo are two-phase clocks whose center timings of high-in-
terval time periods are aligned to those of the corresponding data
periods of Dy or D¢, respectively. The voltage-mode equal-
izer consists of two branches of n-over-n drivers, two capacitors
(Ceq = 0.3 pF), and a voltage regulator. Cgq is implemented
by using NMOS transistors with a total area of 11 ym x 28 pym
in a 65 nm process. A relatively large capacitor is used for Crq
in this work compared to [12], because it is used for the first-tap
ISI in this work while it is used for the second-tap ISI in [12].
The two n-over-n drivers draw a charge of Crq - VrEq from the
voltage regulator at every transition of the input data D,,. Vrge
is a DC voltage which ranges from 50 mV to 600 mV.

The voltage regulator is implemented by using a switch-type
regulator [6] to eliminate the static current of the regulator it-
self (Fig. 11(a)). The “open-loop” branch supplies around 95%
of the total current (Ioy, + I¢yr,). During the training mode, the

self-calibration loop increases or decreases the 5 b up/down
counter output that determines the number of “open-loop” slices
to be turned on. The self-calibration loop consists of a com-
parator, an up/down counter, and the “open-loop” branch. A
repetitive data input (Dg, Do) of “11001100. . .” is used during
the training mode. When Vggg reaches Vggr, the up/down
counter output dithers and the charge drawn by the n-over-n
drivers (Cgq - Vrig) is balanced by the charge supplied by the
regulator ((Ior, +Icr) x Tp); Tp is the data period. Then, the
self-calibration loop is disabled and the normal operation starts
with a fixed number of turned-on “open-loop” slices. In the cur-
rent waveforms during the normal operation (Fig. 11(b)), T1 is
the delay difference between D,, and Ior,; the delay for D, is
the sum of the delays of the 2:1 serializer and the pre-driver
(Fig. 10) and the delay for Loy, is the delay of an “open-loop”
slice (Fig. 11(a)). The ripple voltage of Vreg depends on T1;
T1 is around 0.5 T in this work. The ripple voltage of Vgygg is
around 5 mV in this work at Vgge = 0.5 V according to sim-
ulation. The current efficiency of the switch-type voltage regu-
lator is around 80% in this work. The storage capacitor Crrg
(15 pF) is implemented by using NMOS transistors with a total
area of 120 pm x 50 pm in a 65 nm process. A post-layout
noise simulation reveals thata 20 mVpp (+/—10 mV) 100 MHz
sine-wave noise coupled with a nominal 1 V TX supply gener-
ates a 2 mVpp noise at Vrrg (nominal 0.5 V) and increases the
RX input jitter (nominal 22 ps) by 0.4 ps.

IV. MEASUREMENT RESULTS

The proposed transceiver chip was fabricated in a 65 nm stan-
dard CMOS process (Fig. 12). The transmitter was connected to
the receiver through a FR-4 microstrip line (3" or 12) for the
BER test and the eye measurements (Fig. 13). Full-rate (9 Gb/s)
PRBS data were supplied by a BER tester (J-BERT N4903A).
The full-rate data were converted into half-rate data (Dg, Do
of Fig. 10) inside the transmitter. A serial pulse data gener-
ator is synchronized to the BER tester and supplies half-rate
clock signals to TX and RX with an adjustable delay differ-
ence. A single-pulse response of the voltage-mode TX equal-
izer (Fig. 10) was measured at 9 Gb/s by connecting the TX
output nodes (Vrxour) through 1" transmission lines to an
oscilloscope with two internal 50 €2 grounded termination resis-
tors (Fig. 14). Because the two VrxouT nodes are connected
to ground through the oscilloscope termination resistor (50 €2),
the main driver is turned off and only the TX equalizer output
(Irq2 x 50) can be observed with the oscilloscope. A single-
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Fig. 12. Chip die photo and layout.

pulse data input (“0010000...”) was applied to TX from the
BER tester. VrRgr(= VREqg) was changed from 0 to 0.6 V in
a 0.1 V step. The height of the single-pulse response is propor-
tional to Vrgr for the range of Vrgr from 0 to 0.5 V; the height
is smaller than expected at Vier = 0.6 V because the effective
resistance of the upper NMOS transistor is increased due to the
saturation region operation.

A single-pulse response was measured at 9 Gb/s with the
Vgrer values of 50 mV and 480 mV throughout the entire
transceiver system that includes the TX circuit, a 12" FR-4
microstrip line, and the RX input loading (Fig. 15(a) and (b)).
Comparison of the measured single-pulse response with simu-
lation shows good agreements. To get the simulation results of
Fig. 15(a) and (b), SPICE simulation was performed by using
a lossy transmission line channel; the LRGC parameters of
the transmission line were extracted from the measured S21.
To evaluate the frequency response of the transfer function
from the TX main driver input node (D, of Fig. 10) to the
RX input node (Vrxin of Fig. 4), the frequency spectrum of

J-BERT N4903A
full-rate (CLK, Patter Gen., BER meas.) half-rate
PRBS R_Data
{detay }
Agilent 81141A
half-rate (Serial Pulse Data Gen.) half-rate
TXCLK RXCLK
A4 A4
- BB+ .
H + Vxour VRxiN | H
D4

M 3",12"FR-4

"""" v _pcB '
DSO-X 91604A
(Eye meas.)
Fig. 13. Test setup.
- e = Ot

7% "> Vrer=0.6V IZSmV (7_5p)s
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¢ @@0 B (1] 75w/ iil 134.4ps

-Smv f i

Fig. 14. Measured single-pulse response of TX equalizer for different Vyxgr
values.

the measured single-pulse response was divided by that of an
ideal 9 Gb/s single-pulse input with the rise and fall times of
25 ps (Fig. 15(c)). Simulated frequency response presents fair
agreements with measurements. The voltage-mode capacitive
equalizer provides an 16 dB boost at 4.5 GHz. S21 of the 12"
FR-4 microstrip line was added for comparison (Fig. 15(d)).

Eye diagrams were measured at 9 Gb/s at the TX output node
(Fig. 16(a)) and the RX input node (Fig. 16(b)), with the same
12" FR-4 channel as in Fig. 15, a PRBS-7 input data, VRgr =
480 mV, and Ipyarne = 0.4 mA. The RX voltage eye opening
of 10 mVppd ensures a successful data transmission because it
is larger than the RX input sensitivity of 9 mVppd. If Vgrgr is
reduced to 200 mV while keeping the same values for all other
parameters, the TX and RX eye diagrams indicate an under-
equalization case (Fig. 16(c) and (d)).

The RX input sensitivity was measured at the RX input node
at different data rates (Fig. 17). The RX input sensitivity refers
to the minimum voltage eye opening at the RX input node with
BER <« 1E — 12. The RX input sensitivity of this work is
measured to be 5.8 mVppd, 9 mVppd, 15 mVppd at the data
rates of 7 Gb/s, 9 Gb/s, and 11 Gb/s, respectively; these values
are much smaller than those of a sampler alone used for the RX
front-end circuit. The RX input sensitivity can be represented
by a sum of a regeneration term, an offset term, and a RX input-
referred noise, as shown by (7).

Gm.sam L1

Vswwminrx =7fpCr1ZiniVpp - e Crasem 7D
+V:)s.pa + 14 - aneq.pal
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Fig. 16. Measured eye diagrams at 9 Gb/s with 12"/ FR-4, PRBS-7: (a) TX output (Vrer = 0.48 V), (b) RX input (Vrer = 0.48 V), (c) TX output (Vrrr =

0.2 V), (d) RX input (Vgpr = 0.2 V).

Equation (7) was derived by combining (2) and (3) and ne-
glecting the input offset voltage and the input-referred noise of
the sampler due to the large pre-amplifier gain (Apa_c1). The
rms input-referred noise voltage of the pre-amplifier (Vpeq.pa)
can be calculated by simulation. The simulated rms input-re-
ferred offset voltage of the RX front-end circuit is 2 mV; the
peak offset voltage is 5 mV. The measured input-referred offset
voltage of the RX circuit in a test chip is 1.5 mV that belongs
to the simulated range (5 mV). A common-centroid layout tech-
nique is used to reduce mismatch. Vg pa, G sam, and Cr, sam

were set to 1.5 mV, 0.38 mS, and 13 fF, respectively, to fit (7) to
the measured RX input sensitivity shown in Fig. 17. Out of the
calculated RX input sensitivity of 9 mVppd at 9 Gb/s, the regen-
eration term, the offset term, and the noise term are estimated to
be 2.9 mVppd, 1.5 mVppd, and 5 mVppd, respectively, based on
(7). The measured RX sensitivity increases with the PRBS-31
input from 9 mVppd to 13.7 mVppd at 9 Gb/s compared to the
PRBS-7 input (Fig. 18); this is considered to be due to the in-
crease of jitter and the subsequent reduction of integration time
of the CI-TIA with the PRBS-31 input.
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TABLE 11
PERFORMANCE COMPARISON
JSSC’07 | JSSC’08 (ISSCC’10(ISSCC’10|ISSCC’11| JSSC’13 .
This work
11 [8] [7] [20] [21] [22]
Tech (nm) 90 65 65 45 90 65 65
Supply voltage (V) 1.0 0.85 1.0 0.8/1.5 1.2 0.8 1.0
Data rate (Gb/s) 6.25 10 12.5 10 3.2 8 9
Channel loss(dB) 15 7 12 8 - 8.4 5 9
Channel swing 200mV | 100mV | 150mV | 150mV | 100mV | 200mV 40mV
Energy efficiency 1.57 . 0.71 0.77 1.25 .
(pJ/b) (225 | 38 | oss) | (1.4) | (19 | 067 | 055 | 059
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Fig. 18. Measured RX input sensitivity with PRBS-7 and PRBS-31 inputs.

The measured bathtub curve shows that the timing margins
(BER < 1E — 12) of the transceiver system are 0.15U1 and
0.13UI with the 3" and 12" FR-4 microstrip lines, respectively,
at 9 Gb/s (Fig. 19(a)). Vrer is 280 mV and 480 mV for the
3" and 12" FR-4, respectively. The timing margins of the RX
circuit alone are 0.20UI, 0.17UI, and 0.11UI at 7 Gb/s, 9 Gb/s,
and 11 Gb/s, respectively. In both Fig. 19(a) and (b), the voltage
eye opening is maintained to be the same as the measured RX
input sensitivity of Fig. 17(a). The BER curves of Fig. 20 show
that the rms random noise voltages of the RX with PRBS-7 and
PRBS-31 inputs are estimated to be 450 ¢V and 490 xV at 9
Gb/s, respectively [1].

The measured power consumptions of TX and RX circuits
are 2.8 mW and 2.5 mW, respectively, at 9 Gb/s with the 12"

FR-4 channel. The supply voltage (Vpp) is 1 V. With the 3"
FR-4 channel, both the TX and RX circuits consume 2.5 mW
each. As shown in Fig. 21, the voltage-mode equalizer con-
sumes the most power (37%) in the TX circuit. Power compar-
ison of the TX main driver and equalizer shows that the pro-
posed voltage-mode pre-emphasis equalizer with a CML driver
consumes around 20% less power than the conventional current-
mode equalizer with a CML driver; this is because Iyjani +
Izg:i = 1.45 mA for the conventional equalizer, Inamna =
0.4 mA, Igq2 = 0.8 mA for the proposed equalizer, as shown
in Table I, to get the same TX eye patterns (Fig. 16(a)). In this
comparison, the power of the switch-type regulator (Fig. 10)
of this work and those of a flip-flop and a DAC of the conven-
tional current-mode equalizer are not included to concentrate on
the channel-driving power. In the RX circuit, the clock buffer
consumes the most power (52%). The clock buffer supplies the
half-rate clock signals to the CI-TTA and the sampler.

Performance comparison reveals that this work provides the
minimum value in the channel voltage swing and the energy
efficiency among the transceivers with a comparable channel
loss (Table 1II).

V. CONCLUSION

To reduce the transmitter (TX) power in a high-speed dif-
ferential transceiver, the channel signal-swing is reduced to 40
mVppd at 9 Gb/s. To achieve this, the RX input sensitivity is en-
hanced to 9 mVppd by using a high-gain pre-amplifier at the RX
circuit. The pre-amplifier is implemented with a current-inte-
grating common-gate trans-impedance amplifier (CI-TIA) with
a voltage gain of 18 at 9 Gb/s. While the combined circuit of a
pre-amplifier/an equalizer followed by a sampler provides the
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Fig. 21. Power breakdown.

RX input sensitivity of around 30 mVppd in the conventional
transceivers, the combined circuit of the CI-TIA followed by
a sampler gives the RX input sensitivity of 5.8 mVppd, 9.0
mVppd, and 14.8 mVppd at 7 Gb/s, 9 Gb/s, and 11 Gb/s, re-
spectively, in this work. A current-mode logic (CML) driver is
used at TX for the easy control of the channel signal swing.
A voltage-mode pre-emphasis equalizer coupled with the CML
driver at TX eliminates the de-emphasis current loss at low-
frequency of the conventional current-mode equalizer coupled
with the CML driver. The voltage-mode equalizer is imple-
mented by a series connection of an inverter and a capacitor, and
the equalization coefficient is proportional to the supply voltage
of the inverter; this architecture enhances the equalization effi-
ciency because no switches are used to control the equalization

coefficient and hence the parasitic capacitance at the TX output
node is minimized. The proposed transceiver chip was imple-
mented in a 65 nm standard CMOS process. The RX chip works
up to 11 Gb/s with a 1’ FR-4 microstrip line channel. The trans-
ceiver chip works up to 9 Gb/s with a channel signal-swing of
40 mVppd and a 12" FR-4 channel. The TX and RX chips con-
sume 2.8 mW and 2.5 mW, respectively, at 9 Gb/s with a 12
FR-4 channel and a 1 V supply. This corresponds to the energy
efficiency of 0.59 pJ/b with a FR-4 channel loss of 9 dB.
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