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A 40-Gb/s 14-mW CMOS Wireline Receiver

Abishek Manian and Behzad Razavi, Fellow, IEEE

Abstract— A 40-Gb/s receiver includes a continuous-time linear
equalizer, a discrete-time linear equalizer, a two-tap decision-
feedback equalizer, a clock and data recovery circuit, and
a one-to-four deserializer. Hardware minimization and charge
steering techniques are extensively used to reduce the power
consumption by a factor of ten. Fabricated in 45-nm CMOS tech-
nology, the receiver exhibits a bathtub curve opening of 0.28 UI
with a recovered clock jitter of 0.5 psyms.

Index Terms— Charge steering, clock and data recov-
ery (CDR), decision feedback, discrete time, equalizer, linear
equalizer, phase detector (PD).

I. INTRODUCTION

RANSMISSION of high-speed data over copper media

has for some years targeted a power efficiency (PE) of
1 mW/Gb/s, striving for a reasonable chip power consumption
as the number of input/output (I/O) pins continues to climb.
Indeed, transceivers operating at a few gigabits per second
have provided such a performance [1]-[4], but, for rates
exceeding about 25 Gb/s, the PE is about 8 to 50 times
higher [5]-[9]. For example, 40-Gb/s receivers draw 150 mW
[10] to 1 W [9].

This paper introduces a 40-Gb/s receiver that achieves a
tenfold reduction in power by means of new circuit and
architecture techniques [11]. A byproduct of this effort is the
small footprint of the receiver, about 110 um x 175 um,
which makes it possible to realize a multi-lane system in
a small area with short interconnects. Fabricated in 45-nm
CMOS technology, the receiver compensates for a channel
loss of 18.6 dB at Nyquist with a recovered clock jitter
of 0.515 psyms and a bit error rate (BER) less than 10712

II. RECEIVER ARCHITECTURE

Fig. 1 conceptually shows the receiver architecture, with the
overlapping boundaries denoting hardware sharing between
the functions. The input signal Dj, travels through a
continuous-time linear equalizer (CTLE) and subsequently
drives a clock and data recovery (CDR) circuit, a decision-
feedback equalizer (DFE), and a “discrete-time linear equal-
izer” (DTLE) [12]. The retimed data are deserialized to four
10-Gb/s channels.
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Fig. 1. Conceptual receiver architecture.

Our receiver development draws upon three principles to
improve the performance. First, we uphold a “minimalist”
approach, recognizing that, at these speeds, hardware means
power and that every additional stage in the data path also
reduces the bandwidth. We therefore limit the number of stages
in the CTLE to one, and avoid quadrature oscillators in the
CDR circuit, buffers in the data and clock paths, and phase
interpolation circuits. The minimalist mentality also leads to
sharing building blocks among different functions, thereby
reducing both the power and the capacitance seen in the data
and clock paths.

The receiver of Fig. 1 exemplifies how minimalist approach
produces “growing” returns: the compact architecture contains
no high-speed data interconnects longer than 25 xm, which
in turn avoids the need for buffers, inductive peaking (except
in the CTLE), and so on.

The second principle is to employ charge steering as a
power-efficient logic design paradigm [13], [14]. We introduce
several new latch topologies that extend the speed of charge
steering, obviating the need for current-steering circuits in the
entire receiver.

The third principle is the use of discrete-time linear equal-
ization as a means of creating high-frequency boost with a PE
much higher than that of CTLEs. The next section focuses on
this principle.

Though attractive for compact efficient design, the foregoing
principles pose other challenges; specifically, full-rate opera-
tion without clock buffers becomes very difficult, while half-
rate operation doubles the load capacitance that the CDR and
the DFE present to the CTLE.

III. PROBLEM OF CTLE

The minimum acceptable CTLE boost factor is determined
by two requirements: 1) to open the eye to some extent for
the CDR loop; an excessively small eye height translates to a
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low phase detector (PD) gain, limiting the CDR loop capture
range and degrading its stability and 2) to ensure sufficient
eye opening at the DFE summing junction to overwhelm noise
and offsets referred to this port. While the latter condition can
instead be met through the use of more DFE taps, the large
number of high-speed flip-flops (FFs) necessary for these paths
would draw significant power and present a heavy load to the
recovered clock and the DFE summing junction.

To quantify the tradeoffs in CTLE design, consider the
measured channel profile in Fig. 2(a) and the single boost stage
in Fig. 2(b). This stage provides a maximum boost of 5.5 dB

(©

(a) Measured channel frequency responses (excluding 1-dB insertion loss of probes). (b) One-stage CTLE. (c) Addition of a second stage to the CTLE.

(a) Discrete-time linear equalization in transmitters. (b) Discrete-time linear equalization in receivers using a master—slave sampling circuit.

at 20 GHz and consumes 2 mW.! From SS 80 °C to FF
0 °C corners, the maximum CTLE boost varies from 5.4 to
6 dB, respectively, with a 1-dB variation in the dc gain. This
stage is designed to handle single-ended input swings ranging
from 200 to 400 mVp, with the input common-mode (CM)
level ranging from 0.6 to 0.8 V. If as shown in Fig. 2(c),
we add a second stage to double the boost, the power penalty
is another 4 mW, a significant fraction with respect to our

n this design, the CTLE boost can be programmed from 0 to 5.5 dB in
six steps of approximately 1.1 dB each.
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receiver’s overall power consumption. The key point here
is that the CTLE power grows almost exponentially with
the number of stages if the overall bandwidth must remain
relatively constant.

IV. DISCRETE-TIME LINEAR EQUALIZATION
A. Basic Idea

Linear equalization need not be a continuous-time function.
In fact, wireline transmitters typically perform discrete-time
discrete-amplitude equalization (de-emphasis) [15]. Shown
in Fig. 3(a) is an FIR example incorporating an FF as a
delay element and realizing a transfer function given by
HiZ) =1-—az"".

We wish to extend the above technique to receivers, pro-
jecting that it may offer substantial power savings. However,
we must deal with the continuous-time continuous-amplitude
nature of the received dispersed data. That is, the data
must be sampled with sufficient linearity so as to retain the
channel profile information. Since dispersed data subjected
to nonlinearity equivalently experience greater intersymbol
interference (ISI) [14], we cannot perform the sampling and
delay operations by means of FFs.

These considerations point to the conceptual arrangement
shown in Fig. 3(b) as a potential candidate. Assuming
Cp < Cy4 for now to minimize charge sharing in the master—
slave sampling circuit, we obtain H(z) = 1 — az~ !, and hence
a high-frequency boost of (1+a)/(1—a) with a low-frequency
gain of 1 — a. As with the CTLE stage in Fig. 2(a), this
approach too entails a tradeoff between the boost factor and
the dc gain.

Linear equalization for a low-pass channel generally ampli-
fies the high-frequency noise of the preceding stages. If placed
after the CTLE, the DTLE of Fig. 3(b) tends to amplify
the CTLE’s high-pass-shaped noise. Nonetheless, with a one-
stage CTLE, the overall output noise of the DTLE remains
negligible. In this paper, the total noise at the DFE sum-
ming junction, including the CTLE and DTLE contributions,
is around 1.1 mVps.

B. Half-Rate DTLE

As mentioned in Section VI-A, we prefer half-rate operation
for the CDR. In order to accommodate half-rate operation in
the DTLE, we modify the receiver front end as conceptually
illustrated in Fig. 4, where both the demultiplexer, DMUXj,
and the DTLE are clocked at 20 GHz. The odd and even
data bits produced by DMUX are delayed by 1 UI, 25 ps,
scaled by a factor of a, and subtracted from the output of the
other branch. Of course, DMUX; must be sufficiently linear.
We observe that, as Dj, reaches Sogqg and Seyen, it experi-
ences the high-frequency boost of both the CTLE and the
DTLE, about 5.5 dB + 5.4 dB in our design.2 As shown
in Section IV-C, the additional boost provided by our DTLE
costs only 0.3 mW.

The passive samplers in Fig. 4 entail two imperfec-
tions. First, in practice, some charge sharing occurs between

2In this design, the DTLE coefficient o can be programmed from 0 to 0.3 in
32 uniform steps.
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Fig. 4. Half-rate DTLE.

C4 and Cp. To determine the resulting transfer function,
we denote the sampled voltage on C4 and Cp in the nth clock
cycle by V4, and V3 ,, respectively. For the first bit, we have
VB,1 = CaVa,1/(Ca + Cp) in the top branch. Due to half-
rate operation, the next update corresponds to the third bit and
generates Vg 3 = [Ca/(Ca+CB)I[Va,3+Va,1Cs/(Ca+Cp)].
Continuing these calculations, one can show that the transfer
function is given by

Ca -1 Cp -3
H)=1—-a———— 4+ —17
@ CA+CB|: Ca+Cp
Ch 5
+ —=z7"+...]. (1
(Ca + Cp)? W

Since this is a binomial infinite series, we can rewrite this
transfer function as
Ca 1

—z
Ca+Cp
Cs

-7
Ca+Cp

HZ)=1—-a

. (2)
1 -2
Interestingly, charge sharing between C4 and Cp yields addi-
tional odd-order taps for the equivalent FIR filter, resulting in
an IIR response. For example, if Cp = 0.2C4, then

0.83z7!

HZ) =1-—aq—%
@ 1201722

3)

The second imperfection relates to k7 /C noise in Fig. 4,
especially if Cp is chosen small to minimize charge sharing.
We formulate this effect in Section IV-C.

C. DTLE Implementation

The receiver front end shown in Fig. 4 in fact samples the
data three times, once by DMUX and twice by C4 and Cp.
We can therefore remove the DTLE’s master samplers (the
first set of switches and capacitors) and utilize DMUX in
their stead. Fig. 5(a) illustrates the result, portraying DMUX
as a passive sampler. At maximum boost, however, the low-
frequency losses of the CTLE and the DTLE, O and —3 dB,
respectively, make it desirable to have some gain in DMUX;.
As shown in Fig. 5(b) for one branch, this is accomplished
by means of a charge-steering amplifier [13]. Here, M| and
M, are OFF while the CTLE output is sampled on X and Y,
and regeneratively amplify Vx — Vy when the circuit enters the
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Fig. 5. Implementation of DTLE. (a) Conceptual diagram. (b) Transistor-level circuit. (Except for pMOS switches S1—S4, all switches are nMOS devices.)

o DMUX2
{10 Gbis

Doggo
20 Gb/s 10 Ghbls
» 10 Gbis

Deven O :
20 Gbis D L, @] b »10G0is

DMUX2
Tap 2
(@
10 Gbls
: o | RZINRZ D
Ls > F——o “out1
20 Gbls Conv.
Lg > Ré/of‘llxz Lo Doutz
5.5-dB
Boost
e o T
40 Gb/s )
L7 > Rég‘llsz Lo Douts
_ »| RZINRZ Douta
CK 306 . 5 | 1.7 (toLs,L2) ; Nl Conv. ou
T — Q, Q(toL3,Ls) 2 DMUXs

(©)
Fig. 6. (a) Half-rate/quarter-rate DFE. (b) Odd data path. (c) Proposed equalizer architecture.



MANIAN AND RAZAVI: 40-Gb/s 14-mW CMOS WIRELINE RECEIVER

0 10 20 30 40 50
Time (ps)
(@)
Fig. 7.

hold mode, thereby providing a gain of 6 dB.3 Charge-steering
differential pairs M3—-M4 and Ms—Mg act as discrete-time
G, stages and drive the summing junctions according to
Fig. 5(a). To minimize charge sharing, the parasitic capaci-
tances at P and Q are kept less than one-fifth of those at
X and Y.

The nonlinearity of the regenerative pair in Fig. 5(b) merits
attention. As described in [14], the requirement on the linearity
is that the main cursor at the input be smaller than 1.5 times
the 1-dB compression point, Ay gg. For A; ¢g = 120 mV,,
this stage contributes negligible ISI. With a 19-dB loss in the
channel, the main cursor at the CTLE output is much less
than the peak swing and hence, the output swing of the CTLE
can be much larger than 120 mVp,. Note that the regenerative
pair dominates the linearity, making that of the switches less
important.

Since the sampling operations in Fig. 5(b) rely on small
parasitic capacitances, kT /C noise must be considered. The
kT /C noise in Fig. 5(a) is obtained by first writing the sampled
and amplified noise on each Cp as 4(kT/Cp), where the
factor of four accounts for the 6-dB gain. The noise on Cp thus
consists of kT /Cp and the noise stored on Cp after charge
sharing occurs, that is, kT /Cp+(4kT/Cp)[Cp/(Cp +Cp)1%.
Multiplying this result by a? and adding to the noise on Cp,
we obtain the total k7/C noise in Soqq. In this design,
Cp =5 Cp = 45 {F and amax = 0.3, yielding a total noise of
approximately (2 x (4.7kT)/C D)l/ 2 ~ 0.93 mVms, where
the factor of two accounts for the differential signal path.

V. DTLE/DFE COMBINATION

The half-rate DTLE developed in Section IV-C can naturally
merge with a half-rate DFE. We begin with a charge-steering
implementation of such a DFE [14], whose first tap is shown
in Fig. 6(a) for reference. Here, the half-rate data streams,
Dogq and Deyen, are applied to the summers, whose outputs
are demultiplexed by latches Li—Ls4 by another factor of
two and multiplexed before driving the summer in the other
branch. The loop timing constraint of this DFE is given by [14]

teg < 1 UI @)

3The gain of the regenerative pair varies from 5.66 dB at SS 80 °C to
6.789 dB at FF 0 °C.
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where f¢q denotes the delay from the odd (or even) summer’s
clock to the output of one of the latches. Avoiding the setup
time and the feedback delay, this DFE obviates the need for
loop unrolling. Fig. 6(b) depicts the implementation of the odd
path for the first DFE tap. The multiplexer in the feedback path
is merged with the tap, thus avoiding additional delay. We now
combine the DTLE and the DFE as illustrated in Fig. 6(c),
where the second DFE tap is also realized.

In order to study the improvement afforded by the DTLE,
we perform transistor-level simulations on the CTLE-DTLE—-
DFE cascade in the presence of a channel loss of 20 dB
at Nyquist. Unless otherwise mentioned, the system simula-
tions are performed with a single-ended input swing equal
to 200 mVp,. Fig. 7 plots the eye diagrams at the output
of one summer before and after the DTLE is added.* We
observe that the vertical opening at t = 35 ps increases from
+30 to £70 mV.> This means that, for example, the DFE
latches can now have 40 mV more input-referred offset volt-
age, benefiting from less input capacitance and lower power
consumption.

As with other DFE topologies, additional taps can be
added to Fig. 6(c), with alternate latch stages clocked by the
quadrature phases. Operating at quarter rate and sensing large

4The return-to-zero behavior stems from the charge-steering operation of
the summers [14].

SWith a single-ended input swing of 400 mVpyp, the vertical opening at the
summer output increases to 105 mV.
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data swings, such latches would have a simple design and
consume less power. The higher capacitance at the summing
junction would require a larger capacitor in the summer’s tail.

A. Vernier Charge Delivery

The summers in Fig. 6(c) incorporate four charge-steering
differential pairs at their inputs. As exemplified by M3—-My
and Ms—Mg in Fig. 5(b), the strength of these pairs can be

o 1T ||
OutputJ
Doda |

Deven I | I

L

(b)

controlled by adjusting the value of the tail capacitors, but,
even with these set to zero, the parasitic capacitances in the
tail path draw some current when CK>og is asserted. This
effect becomes critical if one of the taps in the DFE must be
set to zero for a particular channel.®

We introduce a Vernier charge delivery technique that can
force a tap value to zero. As illustrated in Fig. 8, the idea is
to charge Cx to Vpp while Cr is discharged to zero. When
charge steering begins, Cx can provide the charge required
by Cr and other parasitics, thereby yielding a nominally zero
charge available for the differential pair. With a resolution of
1 fF for Cy, the tap value can be reduced to nearly zero.

The Vernier technique alleviates another issue as well. Since
the CDR’s VCO drives the switches in Fig. 8 without a

6Feedthrough from input to output of charge steering stages is negligible
as the input transistors reside deep in saturation when the circuit is clocked,
thus yielding low Cgp for these transistors.
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buffer (Section VII-B), its frequency shifts if the tail capacitors
are changed by a large ratio so as to provide the necessary
coefficients (o in the DTLE and g and f; in the DFE). With
the Vernier method, on the other hand, the change is reduced
by a factor of three, from 200 to 70 MHz.

VI. HARDWARE SHARING
A. Merging Techniques

We wish to share the high-speed blocks between the receiver
functions. We return to the front end shown in Fig. 6(c) and
seek to lower the power consumption and capacitances in
the data and clock paths. In particular, since both the front
end of Fig. 6(c) and the CDR’s PD incorporate samplers
in the data path, we surmise that some sharing is possible.
We should remark that: 1) the full-rate merged CDR/DFE

described in [16] does not lend itself to half-rate operation
and 2) the half-rate CDR/DFE topology in [10] cannot operate
with charge steering or without quadrature clock phases. The
other challenge is that the charge-steering summer outputs
in Fig. 6(c) are precharged for half of the clock cycle, thereby
producing return-to-zero data. For this reason, the CDR cannot
be placed after these summers.

We begin with the PD and note that a half-rate charge-
steering design [Fig. 9(a)] must take three samples of the full-
rate data by means of six latches [13]. We then return to the
front end shown in Fig. 6(c) and seek interfaces that provide
such samples: DMUX itself samples the data and the (charge-
steering) summing circuits also act as samplers. Thus, only one
more stage of sampling is necessary for unambiguous phase
detection.
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The foregoing thoughts lead to the PD topology depicted
in Fig. 9(b), where the gray blocks are shared with the
receiver front and the DFE. Here, DMUX acts as L, and L ¢
in Fig. 9(a), and the summers as L. and L;. As illustrated by
the waveforms, XOR3 measures the phase difference between
Dogg and Deyen, generating V. In addition, XOR| and XOR»
produce a pulse of constant width on Vit for each data
transition. The difference, Verr — Vier, uniquely represents the
phase error regardless of the data pattern. The symmetric XOR

.
t

(a) Operation of RZ charge-steering latch with a cross-coupled pMOS pair. (b) Adding a cascode pair to the charge-steering latch.

gates [13] are implemented as shown in Fig. 10. Note that the
G, stage measures the area under Ve — Vier and need not
operate at high speeds.

The limiting stages preceding XOR3 in Fig. 9(b) are included
for the following reason. We note that DMUX] is a linear
sampler whereas L, and Ly are not. Thus, a 1010 sequence
traveling through the channel and heavily attenuated by its loss
appears in Dygq and Deyen With no slicing but in X, and Y»
with slicing. As a result, if directly sensing Dogg and Deyen,
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with various input swings.

XOR3 would sometimes operate in the small-signal regime,
generating an output inconsistent with those of XOR; and
XORj. Realized as simple differential pairs with a tail current
of 0.2 mA, the slicers perform limiting on Dygg and Deyen by
virtue of the 6-dB gain provided by DMUX, and hence its
moderate output swings. (360-mV,, differential swing).

Eye diagram at the output of latch (a) without and (b) with cascode devices.
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(a) Improved charge-steering latch with two cross-coupled nMOS pairs. (b) Its simulated output eye diagram.

B. Complete Receiver

Fig. 11 shows the overall receiver design. A single-stage
CTLE [Fig. 2(b)] drives DMUX/, which, along with the
summers, latches L, and Lj, and XORj.3, acts as the CDR
PD. The PD outputs are combined and converted to current
by a G, stage. This half-rate CDR loop is completed by
the second-order filter and the VCO. The half-rate/quarter-rate
DFE consists of the summers, latches L4, and MUX » for
the first tap. The second tap employs Lsg and MUX3 4. The
retimed demultiplexed RZ data produced by Ls_g are converted
to NRZ form as described in [13].

In this design, the CTLE draws 2 mW, the PD, DTLE, and
all of the latches 5.3 mW, the VCO 2.8 mW, the =2 circuit
3.4 mW, and the RZ/NRZ converter 0.53 mW.

From Monte Carlo simulations, the overall rms offset
referred to the summer output is 15.1 mV, out of which 8.3 mV
is contributed by the CTLE, 8.1 mV by the DFE latches, and
about 9.7 mV by the remaining charge-steering circuits.” This
number encompasses the offsets due to mismatch in transistors
and also the mismatch between even and odd paths. (In this
prototype, no offset correction scheme is used.)

The intertwined CDR and DFE loops in Fig. 11 can fight
and fail to converge. The operation can begin by setting the

TThis offset can be removed by a programmable threshold for the latch.
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DFE and DTLE tap coefficients to zero and the CTLE boost
factor to its maximum value. The gray path detects the phase
error between the data and the VCO output, delivering a
proportional current to the loop filter and driving the oscillator
toward 20 GHz. Despite the heavy ISI at the CTLE output,
the CDR locks, as shown in Fig. 12, because data patterns hav-
ing several consecutive ONEs or ZEROs make full transitions
and provide sufficient phase information. Moreover, with about
11 dB of voltage gain through DMUX; and the limiters,® the
transitions presented to XOR3 become sharp enough to produce
proper phase error. The CDR takes approximately 100 ns to
lock, after which the CTLE boost and the DFE and DTLE tap
coefficients are adapted to complete the equalization.” In this
design, a peak-to-peak ripple amplitude of 1 mV translates to
17 fs of output jitter.

If we begin with the correct DFE and DTLE tap coefficient,
the CDR still locks in about 100 ns with an open eye at the
summing junction (Fig. 13). One can also apply automatic
coefficient adaptation provided that the update steps are long
enough for the CDR to lock each time.

It is interesting to note that the settling behavior of the
CDR is similar in the two cases of Figs. 12 and 13 with
approximately the same ripple on the control voltage. This is
because the input to the PD in Fig. 9 comes from the CTLE,
and hence is independent of the DFE/DTLE coefficients.

Also, owing to the 70-MHz shift in the VCO fre-
quency when the DFE and DTLE taps are changed (Sec-
tion V-A), the control voltage settles to different values
in Figs. 12(a) and 13(a). For Kyco = 1 GHz/V, this change
is equal to Af/Kvyco = 70 mV.

In steady-state operation, the CDR is locked in Fig. 11
and the DFE produces properly equalized data at the summer
outputs, X; and Y;. In the presence of a lossy channel,
therefore, the BER of X and Y| (or X, and Y>7) is much lower
than that of Dogq and Deyen. This points to some inconsistency
between the output of XOR3 and those of XOR; and XOR»,
which ultimately manifests itself as a static phase error within
the CDR loop. Nevertheless, so long as the error in the number

8The voltage gain through DMUX and the limiters changes from 11 dB
at SS 80 °C to 10.46 dB at FF 0 °C.

In this prototype, since we do not have an error/observation path to drive
coefficient adaptation, the adaptation is done “manually” through a serial bus
to find a setting that works based on BER.

(b)

of transitions at the CTLE output is less than about 1 in 50,
the resulting phase error is negligible. In addition, we choose
the gain associated with the Ve path to be higher than that
of the Vier path so as to remove the phase offset. This gain
difference is adaptively created along with the other receiver
coefficients.

VII. BUILDING BLOCKS

In this section, we deal with the transistor-level design of
the critical building blocks. We should remark that proper
choice of various CM levels allows us to avoid bootstrapped
switches. Also, the switches are chosen wide enough to
provide proper speed while their capacitance is absorbed by
the VCO tank (Section VII-B).

A. Latch Design

As illustrated in Fig. 11, the receiver incorporates eight
latches, Li.g, at a clock frequency of 10 GHz. In order
to improve the speed of charge-steering implementations,
we introduce several new topologies here.

Consider the charge-steering latch shown in Fig. 14(a) [14].
We begin with a differential pair whose outputs are precharged
to Vpp and has a charge source rather than a current source in
its tail which is completely discharged. When CK goes high,
there is charge sharing between capacitances at P and Q,
and Cr, which results in a differential swing at the output.
Without the pMOS pair, the circuit exhibits a limited voltage
gain because the output CM level drops significantly as the tail
charge flows from the capacitances at P and Q, driving M
and M, into the triode region. With the pMOS pair present,
the high level can be restored, but only if the circuit has enough
time. In our design, however, the clock period does not allow
much restoration.

In order to improve the performance, we add two cas-
code devices as shown in Fig. 14(b), with nodes X and Y
also precharged to Vpp during reset. When CK goes high,
the CM level at X and Y falls and |Vx — Vy| increases, but
P and Q remain at Vpp until the voltage at either X and Y
drops to about Vpp — |VrH|. The key point here is that the
cascode devices isolate X and Y from the large capacitance at
the output nodes, raising the gain from Vj, to Vyxy. As a result,
either M5 or Mg remains OFF for some time while the other
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Fig. 19. Eye diagrams at the summing junction with (a) Vpp =1 V and (b) Vpp = 1.1 V.

(@

L

(b)

Fig. 20. Die photograph of (a) stand-alone equalizer and (b) complete receiver.

e

Fig. 21. Measured eye diagram at the equalizer input at 40 Gb/s (10 ps/div.,
61 mV/div.).

transfers the amplification to the output. The performance is
further improved by tying another cross-coupled pair, M3—M4,
to X and Y so as to increase the voltage gain as Vy and Vy fall
from Vpp. Fig. 15 plots the simulated outputs of the latches
in Fig. 14(a) and (b), demonstrating about 30% greater eye
opening for the latter.

In the circuit of Fig. 14(b), neither of the cascode devices
remains OFF for the entire amplification period because both

Vx and Vy eventually fall below Vpp — V. Consequently,
some CM drop occurs at P and Q, wasting the tail charge.
This issue can be avoided if M5 and Mg are reconfigured to
act as a cross-coupled pair [Fig. 16(a)]. Now, if, for example,
Vx reaches Vpp — Vty before Vy does, then M5 conducts and
lowers Vp, thereby postponing the turn-on of Mg. As plotted
in Fig. 16(b), the simulated output exhibits a greater swing
than the previous two latches. In the receiver of Fig. 11, Ls_g
are realized as the former [Fig. 14(b)] and, L, and Li4
as the latter [Fig. 16(a)]. This is because the cascode latches
have a lower parasitic capacitance at their output node and are
somewhat faster. Fig. 17 plots the single-ended and differential
outputs of latch L for various swings at its input. It can be
seen that even with a summer output swing of £8 mV, the latch
output still reaches about 80% of its final value.!?

While reminiscent of the StrongArm latch, the topology of
Fig. 16(a) bears two differences.

1) It operates with a finite tail charge, thus producing
moderate swings at X, Y, P, and Q; since the voltages

10The latches L{_4 in Fig. 11 require an output differential swing of only
+150 mV to completely steer the feedback transconductance for the first tap.
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Fig. 22. (a) Equalized and demultiplexed output data at 10 Gb/s (20 ps/div., 97.6 mV/div.). (b) Measured bathtub curves.
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Fig. 23.  Recovered clock. (a) Spectrum. (b) Waveform (10 ps/div., 25.3 mV/div.).

at these nodes do not collapse to zero, both the speeds
are improved and the power consumption (given by
S C VDD Vswing for each node) is reduced.

2) The additional gain contributed by M3-M4 also
enhances the speed.

B. VCO Design Considerations

As mentioned in Section II, the receiver eliminates all
buffers in the data and clock paths. The VCO in Fig. 11
directly drives DMUX, the DTLE, latches L, and L, and all
of the interconnects. In a manner similar to that in [13], this
approach saves considerable power while negligibly suffering
from data coupling and de-Qing effects.

As shown in Fig. 18(a), the 20-GHz VCO drives charge-
steering latches and, as such, must provide (nearly) rail-to-
rail voltage swings. With a single-ended load capacitance of
C ~ 180 fF, the differential inductor value is limited to about
0.4 nH, which yields a parallel equivalent resistance of R, =
OLw = 402 Q if Q9 = 8. For a 1-V single-ended swing,
therefore, the oscillator must be biased at 2 mA. The actual
design, shown in Fig. 18(b), draws 2.8 mA. (By comparison,
two inverters driving these capacitances at 20 GHz would draw
7.2 mW.) In this design, Wi =9 um and W34 =30 um.

Carrier Freq 10 GHz
Log Plot | | |
Carrier Power -13.35 dBm Atten 0.00 dB Mkr 1 1.66006 GHz
Ref -50.00dBc/Hz 515.0fs
10.60 4% [[TT,I T II [TTIT TTTImm T 1T
dB/ B | tter = 515 fs
: . [Il
Il IIl
Il
Il Il
R i
i HI [T
1660 Hz Frequency Offset 1 GHz
Marker Trace Type X Axis Value
iR RMS Jitter 188 Hz -65.42 dBc/Hz
1a RMS Jitter 1888 MHz £14.973 fs

Fig. 24. Phase noise of recovered clock at 10 GHz.

The swing-dominated power consumption calculated for
the VCO must be compared against that required for suffi-
ciently low jitter. We express the integrated random jitter as
1ty ~ Tyco(d fewSo)'/?/(2x), where Tyco denotes the VCO
period, fgw the CDR loop bandwidth, and Sy the VCO phase
noise at an offset equal to fgw. For example, if 7, = 0.2 psyms
and fgw = 20 MHz, then Sy = —111 dBc/Hz. Using the
following phase noise expression for an LC VCO with two
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Fig. 26. Measured jitter transfer and tolerance curves.
cross-coupled pairs [17]:
2 2
z° kT (y,+y
S(Aw) = —— (2" + >—
Rp Ig 2 160 Aw

for y, = y, = 1, we obtain Iss = 0.158 mA, concluding
that the power consumption is dictated by the required voltage
swing rather than by the phase noise.

The VCO has a measured tuning range of 18.8-20.4 GHz,
with five discrete tuning steps using a capacitor bank and
Kvco ~ 1 GHz/V.!!

VIII. PVT TOLERANCE
The process—voltage—temperature tolerance of charge-
steering circuits can be studied both analytically and through
simulations. The process and temperature sensitivities have
been provided in previous sections. In this section, we consider
supply dependence. In general, since the input and output
CM levels of the latches in Figs. 14 and 16 begin from Vpp,
supply variation translates to a small change in the output
voltage swing. According to simulations, a AVpp of 10%
translates to 11.5% change in the swing. Thus, supply noise
primarily affects the output CM level—unless it contains

frequencies comparable with the data rate.
The effect of supply can be quantified for the entire
receiver. Fig. 19 plots the simulated eye at the DFE summing

'The simulated VCO tuning range at TT 27 °C is 19.21-20.8 GHz, at
SS 80 °C, 18.77-20.29 GHz, and at FF 0 °C, 19.66-21.28 GHz.

(b)

(a) Oscilloscope display of a low-noise RF tone (20 ps/div., 86.9 mV/div.). (b) Phase noise spectrum of the same tone.
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junction (with a channel loss of 20 dB) with Vpp = 1l or 1.1 V.
We observe that the circuit operates satisfactorily in both cases.

IX. EXPERIMENTAL RESULTS

This section summarizes our measured results for two proto-
types: the stand-alone equalizer (including the CTLE, the DFE,
the DTLE, and the RZ/NRZ converters) and the complete
receiver. Both have been fabricated in TSMC’s 45-nm CMOS
technology and characterized with a 1-V supply at 40 Gb/s.
The chips are mounted directly on printed-circuit boards and
tested on a high-speed probe station. Fig. 20 shows their
die photographs. The equalized and demultiplexed data at
10 Gb/s and the recovered clock at 20 GHz travel through
open-drain pMOS buffers to drive off-chip 50-Q cables and
instrumentation.

Fig. 2(a) plots the frequency response of the channel used
in the measurement for 40-Gb/s data rate in black indicating a
channel loss of about 19 dB at Nyquist if the insertion loss of
the probes is included. Fig. 21 shows the eye diagram received
from the channel.

The equalizer’s demultiplexed single-ended output at
10 Gb/s is displayed in Fig. 22(a) and the bathtub curve
in Fig. 22(b). The horizontal eye opening at 40 Gb/s is 0.28 UL
It is important to note that the PRBS generator in our setup
has a jitter of 8 pspp, contributing to the eye closure.

The measured frequency response of the channel used for
20-Gb/s data rate is shown in Fig. 2(a) in gray, exhibiting
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH PRIOR ART

Hsieh Chen Raghavan This
Reference VLSI 2011 [JSSC Mar. 2012 |JSSC Dec. 2013|  Work
Data Rate (Gb/s) 40 40 40 40
1.2 for DFE/CDR
Supply (V) 1.5 for C'{"I:_E ’ 16 1 1
Channel Loss
at Nyquist (dB) 23.5 19 >21 18.6
Bit Error Rate <10712 <1072 <1072 <1072
Power (mW) 150 520 1050* 14
Power Efficiency
(pJ/bit) 3.75 13 26.25 0.35
Recovered Clock _
Jitter (ps) 6.8 pp 0.319 rms 0.515 rms
. _ ~ 0.65 Ulpp 0.95 Ulpp 0.45 Ulpp
Jitter Tolerance at 10 MHz at 10 MHz+ at 5 MHz
Area (mm?2) 0.278 1.1475* 3.9* 0.019
65-nm 65-nm 40-nm 45-nm
Technology CMOS CMOS CMOS CMOS

* Includes pads

tIncludes SFI-5.2 TX; 350 mW for line-side RX

+ Measured for BER =10~°

nearly 22 dB of loss at Nyquist. At 20 Gb/s, Fig. 22(b)
indicates a horizontal eye opening of 0.44 UI, thus illustrating
the scaling property of charge-steering circuits.

The complete receiver is tested with a PRBS of 27 — 1 for
jitter generation, transfer, and tolerance while it equalizes the
dispersed data. Unless otherwise specified, the default CDR
loop bandwidth of 20 MHz is used for all measurements.
Fig. 23(a) and (b) shows the recovered clock spectrum and
waveform, respectively.'> To construct the phase noise profile
using our instrumentation, we apply the 20-GHz clock to an
external =2 circuit and monitor the result. As shown in Fig. 24,
the profile should be raised by 6 dB to obtain that of the
actual clock. The integrated rms jitter is 515 fs from 100 Hz
to 1 GHz, which would also correspond to the jitter before the
divider if the latter has negligible phase noise. Included in the
jitter value, the tones in the phase noise profile correspond to
the periodicity of the PRBS sequence and back-coupling of the
half-rate data directly into the VCO. We should remark that
direct jitter measurement in the time domain can be corrupted
by oscilloscope jitter. As shown in Fig. 25(a), an oscilloscope
measuring a low-noise tone provided by an RF generator
exhibits 1.2-ps rms jitter whereas the phase noise spectrum
of the same tone [Fig. 25(b)] yields an integrated jitter
of 46 fs.

Fig. 26 plots the measured jitter transfer and toler-
ance, respectively, for three different CDR loop bandwidths.
As expected, jitter tolerance improves as the bandwidth
increases, reaching 0.45 Ul,, at 5-MHz offset for a loop
bandwidth of 20 MHz in the presence of the 19-dB channel
loss. Table I compares the performance of our receiver with
that of the prior art at 40 Gb/s.

2The clock and data swings shown here are different due to different
number of off-chip splitters and different speeds.

X. CONCLUSION

The ability to reduce high-speed hardware, whether by
omitting stages or by merging functions, can lead to significant
power savings in wireline receiver design. Along with discrete-
time linear equalization and charge-steering techniques, this
minimalist approach has afforded one order of magnitude
reduction in power at a data rate of 40 Gb/s. The receiver
also occupies a small area, 0.019 mm?, and can serve in
applications with a large number of I/O pins.
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