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A 50-Gb/s 10-mW Analog Equalizer Using
Transformer Feedback Technique in

65-nm CMOS Technology
Jian-Hao Lu and Shen-Iuan Liu, Senior Member, IEEE

Abstract—A 50-Gb/s low-power analog equalizer has been re-
alized in 65-nm CMOS technology. This equalizer adopts the
proposed transformer feedback technique to achieve a peaking
gain of 18 dB at 25 GHz and low-power dissipation. The whole
equalizer without the output buffer consumes 10 mW from a
1-V supply. The chip occupies 0.35 × 0.27 mm2. For a 50-Gb/s
pseudorandom bit sequence of 27 � 1, the measured bit error rate
is less than 10�12, and the measured maximum root-mean-square
and peak-to-peak jitters are 2.7 and 12.4 ps, respectively.

Index Terms—CMOS, equalizer, transformer feedback.

I. INTRODUCTION

DUE to frequency-dependent impairments such as skin
effect and dielectric loss, high-speed data transmission

suffers from severe intersymbol interference (ISI). To elimi-
nate the ISI and improve the bit error rate (BER), high-speed
equalizers [1]�[9] have been used widely in modern broadband
data communications. Although a 49-Gb/s transversal �lter has
been realized in 0.18-µm SiGe BiCMOS technology (with an
fT of 160 GHz) for equalization [1], the power dissipation
of 750 mW makes the applications dif�cult. However, CMOS
equalizers [2]�[7] and other BiCMOS equalizers [8], [9] have
been demonstrated up to only 10�40 Gb/s. As a result, it
is highly desirable to develop a high-speed and low-power
equalizer, particularly in CMOS technology.

Unlike the constant feedback factor in a conventional resis-
tive feedback ampli�er, the proposed transformer feedback am-
pli�er further extends the bandwidth by reducing the feedback
factor at high frequencies. Compared with the active feedback
ampli�er [2], [10], this transformer feedback ampli�er achieves
both a wide bandwidth and low-power dissipation. In this work,
a 50-Gb/s 10-mW CMOS equalizer is realized by using the
proposed transformer feedback ampli�er.

II. EQUALIZER DESIGN

Fig. 1(a) shows the measured loss for a typical copper cable.
This cable loss becomes larger at higher frequencies, and it
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Fig. 1. (a) Measured loss for a typical copper cable. (b) Proposed 50-Gb/s
low-power analog equalizer.

reaches 18 dB at 25 GHz. To compensate the cable loss, a
50-Gb/s low-power analog equalizer is proposed, as shown in
Fig. 1(b). This equalizer consists of the proposed transformer
feedback ampli�er, a predriver, and an output buffer. The trans-
former feedback ampli�er realizes a peaking gain of 18 dB at
25 GHz, while the predriver is composed of two stages, with
each stage exhibiting a bandwidth of 30 GHz. The detailed
circuits are discussed as follows.

A. Transformer Feedback Amplifier

Fig. 2 shows the proposed transformer feedback ampli�er,
where the transformer is composed of the feedback inductance
Lf and the gate inductance Lg with their mutual inductance M .
In general, the mutual inductance is a function of the geometric
mean of the two individual inductances, and it is expressed as

M = k
�

LfLg (1)

where k denotes the coupling coef�cient. Note that the coupling
coef�cient is a strong function of the physical arrangement.
Here, Rd and Cd represent the output load resistance and
the parasitic capacitance at the drain, respectively, while Rf
denotes the feedback resistance of this ampli�er. To quantita-
tively analyze the proposed transformer feedback ampli�er, its
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Fig. 2. Proposed transformer feedback ampli�er.

Fig. 3. Small-signal equivalent half-circuit of the proposed transformer feed-
back ampli�er.

small-signal equivalent half-circuit is shown in Fig. 3, where
the transformer is replaced by its equivalent � network with the
following three relationships:

Lf,� =
LfLg � M2

Lg + M
(2)

Lg,� =
LfLg � M2

Lf + M
(3)

M� =
LfLg � M2

�M
. (4)

By applying Kirchhoff�s current law (KCL) at the nodes Vg
and Vout, we, respectively, get the two following equations:

Vin � Vg

sLg,�

= Vg × sCgs + (Vg � Vout) × sCgd +
Vg � Vout

sM�
(5)

(Vg � Vout)×sCgd+
Vg � Vout

sM�
+

Vin � Vout

sLf,�
+

Vin � Vout

�Rf

= gmVg+
Vout

Rd
+Vout×sCd. (6)

Here, Cgd and Cgs represent the gate-drain and the gate-
source parasitic capacitances, respectively, while gm denotes
the transconductance of this transformer feedback ampli�er.
According to (5) and (6), the transfer function of the proposed
transformer feedback ampli�er is derived as

Vout

Vin
(s) =

a0 + a1s + a2s2 + a3s3

b0 + b1s + b2s2 + b3s3 + b4s4 �
N(s)
D(s)

(7)

where the numerator and the denominator are denoted by N(s)
and D(s), respectively. Their polynomial coef�cients are given
in the Appendix. Note that a0 equals b0, and it indicates that the
low-frequency gain is unity (0 dB). This is because the input
and output of the transformer feedback ampli�er are short-
circuited by the feedback inductance Lf at dc. This architecture
exactly meets the low-frequency cable losses. In conventional
equalizers, however, the unity low-frequency gain is achieved
by additional capacitive and resistive source degenerations,
which results in more power dissipation.

Although the numerator is a third-order polynomial, it can
approximately be rewritten as

N(s) � a1(s � �z1) (8)

if �z1 � �z2 and �z3, where �z1 denotes the dominant zero,
and �z2 and �z3 denote other nondominant zeros. Here, �z1 is
given by

�z1 =
Rf (Lf,� + Lg,� + M�)

Lf,�(Lg,� + M� + gmRfM�)
. (9)

Similarly, the denominator of a fourth-order polynomial can
be approximated as a second-order one as

D(s) � b2
�
s2 + 2��ns + �2

n
�

(10)

if �p1,2 � �p3,4, where �p1,2 and �p3,4 denote the complex
dominant and nondominant poles, respectively. Here, � and �n
are given by (11) and (12), shown at the bottom of the next
page. By applying the following three lemmas:

Lf,�M�

Lf,� + Lg,� + M�
=Lf + M (13)

Lg,�M�

Lf,� + Lg,� + M�
=Lg + M (14)

Lf,�Lg,�

Lf,� + Lg,� + M�
= � M (15)

which are judiciously manipulated from (2)�(4), (9), (11), and
(12) are correspondingly rewritten as

�z1 =
Rf

Lf + gmRf (Lf + M)
(16)

� =
Rf (Lf � gmRdM) � RdLf

2RdRf
�

Lf (Cd + Cgd) + Lg(Cgd + Cgs) + 2MCgd
(17)

�n =

�
1

Lf (Cd + Cgd) + Lg(Cgd + Cgs) + 2MCgd
. (18)

To give more insights, the discussion is divided into four
situations.

1) Equations (16)�(18) are simpli�ed, by letting Rf = �
and M = 0, as

�z1 =
1

gmLf
(19)

� =
Lf

2Rd
�

Lf (Cd + Cgd) + Lg(Cgd + Cgs)
(20)

�n =

�
1

Lf (Cd + Cgd) + Lg(Cgd + Cgs)
(21)
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i.e., only the feedback inductance Lf and the gate in-
ductance Lg of the feedback transformer are taken into
consideration. Since the peaking gain of this transformer
feedback ampli�er is partially contributed by the domi-
nant zero �z1, it should be designed to be as low as pos-
sible so that the peaking gain resulting from the dominant
zero itself is maximum. From (19), it is found that gm
and Lf should be chosen to be large enough to achieve
a lower �z1. To achieve a lower �z1 and consequently
increase the peaking gain contributed by the dominant
zero, gm and Lf are chosen to be as large as 22 mA/V and
625 pH, respectively. However, from (20), the large Lf
leads to � > 0.707. Thus, there is no additional peaking
gain resulting from the complex dominant poles �p1,2.
To obtain an additional peaking gain contributed by the
complex dominant poles without sacri�cing that resulting
from the dominant zero, the feedback resistance Rf and
the mutual inductance M of the feedback transformer are
introduced.

2) For the case where only Rf is considered, (16)�(18) are
degenerated, by letting M = 0, to

�z1 =
Rf

Lf (1 + gmRf )
(22)

� =
Lf (Rf � Rd)

2RdRf
�

Lf (Cd + Cgd) + Lg(Cgd + Cgs)
(23)

and (21). If (19) and (20) are compared with (22) and
(23), it is found that Rf reduces both �z1 and �. To
achieve � < 0.707 and consequently obtain an additional
peaking gain contributed by the complex dominant poles
�p1,2, Rf is chosen to be 186 �, resulting in � = 0.557.
Therefore, additional peaking gains of 1.6 and 3.5 dB,
shown in Fig. 4(a) and (b), are increased by the domi-
nant zero and the complex dominant poles at 25 GHz,
respectively.

3) Similarly, for the case where only M is considered, (16)
and (17) are degenerated, by letting Rf = �, to

�z1 =
1

gm(Lf + M)
(24)

� =
Lf � gmRdM

2Rd
�

Lf (Cd + Cgd) + Lg(Cgd + Cgs) + 2MCgd

(25)

while (18) still holds. If (19) and (20) are compared with
(24) and (25), it is found that M also reduces both �z1
and �. To again obtain an additional peaking gain con-

Fig. 4. Simulated frequency response of the transformer feedback ampli�er
for (a) only the normalized numerator N(s)/N(0), (b) only the normalized
denominator D(0)/D(s), and (c) the overall transfer function N(s)/D(s).

tributed by the complex dominant poles �p1,2, M is
chosen to be 180 pH, resulting in � = 0.487. Therefore,
additional peaking gains of 1.9 and 4.4 dB, shown in
Fig. 4(a) and (b), are increased by the dominant zero and
the complex dominant poles at 25 GHz, respectively.

4) Finally, for the case where both Rf and M are
considered, both �z1 and � are signi�cantly reduced if
(19) and (20) are compared with (16) and (17). It is found
that the peaking gains of 10.7, 7.3, and 18 dB shown
in Fig. 4(a)�(c) are realized by the dominant zero, the

� =
Lf,� [Rf (Lg,� + gmRdLg,� + M�) � Rd(Lg,� + M�)]

2RdRf
�

(Lf,� + Lg,� + M�) [Lf,�Lg,�(Cd + Cgs) + Lf,�M�(Cd + Cgd) + Lg,�M�(Cgd + Cgs)]
(11)

�n =

�
Lf,� + Lg,� + M�

Lf,�Lg,�(Cd + Cgs) + Lf,�M�(Cd + Cgd) + Lg,�M�(Cgd + Cgs)
(12)
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Fig. 5. Testing setup.

Fig. 6. Die photo.

complex dominant poles, and both of them combined at
25 GHz, respectively. However, the complex dominant
poles with a large peaking gain may induce an issue of
stability. For a stable feedback system, all poles should
be located in the left half-plane. In other words, � must
be positive. From (17), there exist a minimum of Rf
given by

Rf >
RdLf

Lf � gmRdM
(26)

or a maximum of M given by

M <
Lf (Rf � Rd)

gmRdRf
. (27)

In this work, � is �nally designed to be 0.219.
According to the simulation results, the peaking gain is more

sensitive to Rd, while the peaking frequency is more sensitive
to Lf in comparison with other designed parameters.

B. Predriver and Output Buffer

To drive the output buffer, a two-stage predriver is realized by
a shunt inductive-peaking technique where each stage exhibits
a bandwidth of 30 GHz. Similarly, the output buffer also adopts
the shunt inductive-peaking technique to extend the bandwidth.

III. EXPERIMENTAL RESULTS

This equalizer has been fabricated in 65-nm CMOS tech-
nology and tested on a high-speed probe station with ground-
signal-ground-signal-ground probes. Fig. 5 shows the testing
setup. A 50-Gb/s pseudorandom bit sequence (PRBS) is pro-
vided by an Anritsu pulse pattern generator (MP1758A and

Fig. 7. Measured waveforms (a) before and (b) after the equalizer for a cable
loss of 18 dB with a 50-Gb/s PRBS of 27 � 1 (horizontal scale: 4 ps/div,
vertical scale: 50 mV/div).

Fig. 8. Measured waveforms (a) before and (b) after the equalizer for a cable
loss of 17 dB with a 48-Gb/s PRBS of 27 � 1 (horizontal scale: 4 ps/div,
vertical scale: 50 mV/div).
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