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A 0. 5mV High Sensitivity 200Mbps CMOS Limiting Amplifier
with RSSI for Optical Receivers
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Abstract: A 0.5mV high sensitivity,200Mbps CMOS limiting amplifier (LA) with 72dB ultra wide dynamic range is de-
scribed. A novel active DC offset cancellation loop is elaborately analyzed and designed to achieve this performance. Using

a signal path.a received signal strength indicator (RSSI),based on the piecewise-linear approximation,is realized with a

+ 2dB logarithmic accuracy in a 60dB indicating range. The architecture of the LA and RSSI employed is determined by

the optimal sensitivity and RSSI accuracy for a specified speed, gain,and power consumption. It consumes 60mW from a

single 5V supply. The active area is 1. 05mm” using standard 5V 0. 6xm CMOS technology.
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1 Introduction

Due to the blossoming of optical access net-
works,optical receivers working at up to 200Mbp are
gaining commercial importance and are demanded in
many different system applications, such as 125Mbps
fiber distributed data interface (FDDI) receivers,
network ( SONET )
transceivers, and 200Mbps enterprise system connec-
tions (ESCON) . But, the widespread commercial use
of optical receivers depends largely on the availability

155Mbps synchronous optical

of low-cost components. From this perspective, ma-
ture,standard CMOS technology is extremely attrac-
tive since it offers the high yield and high level of in-
tegration that is needed to reduce the manufacturing
cost').

A limiting amplifier (LA) with high sensitivity is
required because commercial transimpedance ampli-
fiers (TIA) achieve sensitivity as high as —40dBm in
this frequency range. Including the link loss of TIA
and LA,the LA will receive a very weak signal, per-
haps only several mV,,.

An RSSI,which detects system faults that will re-
sult in excessive bit errors,is normally required to mo-
nitor the output signal amplitude from the TIA™ . The
RSSI is generally realized in logarithmic form because
the wide dynamic variation of the received signal can
be represented within a limited indication range™’ .
Successive-detection architecture is adopted for reali-
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zing the logarithmic amplifier, which uses the LA the
in data path.

We realize a high sensitivity LA and an RSSI
based on a low-cost CSMC 0.6um 2P2M CMOS
process in this paper. We also describe general consid-
erations, including sensitivity and RSSI considera-
tions.

2 General considerations

2.1 Sensitivity considerations

Usually the sensitivity of optical receivers is
dominated by TIA,but the LA must also achieve rela-
tively high sensitivity so as not to limit the overall re-
ceiver sensitivity, especially for high performance
TIAs. The LA sensitivity is dominated by two main
factors,i.e. , the noise and the offset voltage. Gener-
ally, more attention is paid to noise, but LA noise
should be small compared to the TIA noise. Moreo-
ver,the high gain of TIA makes the noise contribu-
tion of the LA insignificant because the input-referred
noise voltage is scaled by the transimpedance gain
when referred to the receiver input. A fully-differen-
tial LA architecture can minimize noise coupling and
supply noise. But, electrical properties of identically
designed devices have a certain amount of variation
due to the non-uniformities in fabrication process and
operating environment, such as operating tempera-
ture. As device size decreases,the matching properties
of a pair of devices degrades' . Therefore, this una-

(©2008 Chinese Institute of Electronics



%2 Wang Rong et al. :

A 0.5mV High Sensitivity 200Mbps CMOS Limiting Amplifier with RSSI --- 263

Fig.1 Resistor loaded differential pair

voidable offset voltage will result in the slicing level
being in a non-optimal position and, thereby, degrad-
ing the sensitivity. It also reduces the RSSI accuracy.,
degrades noise rejection,and leads to pulse width dis-
tortion (PWD). Thus, offset voltage must be reduced
as much as possible. The input-referred offset voltage
Vos.in 1s defined as the input voltage that forces the
output voltage to become zero. The offset in a resistor
loaded differential pair, as shown in Fig. 1, can be
written as

1% _ Vas — VTII|:ARD ACW/L)
0S.in =

2 Ry  (W/L) ]_AVT”
(D

ACW/L) and AV, are the mismatches between the
W /L ratio and the threshold volt-
age, respectively. ARp is the mismatch between the
two loaded resistors. For simplicity,A=7y =0, and mis-
matches in p, Cox are neglected.

Equation (1) shows that ACW/L), AVyy,and
ARp must be minimized. All the mismatches decrease
as the area of the transistor, WL ,increases.

two transistors’

AV :j‘% (2)
_ Ax
A(,lcox 7 )— > (3)

where Ayry and Ay are the proportionality factors'™® .
CSMC resistor characterization reports also show that
larger devices exhibit smaller mismatches. Equation
(1) reveals that the threshold voltage mismatch is di-
rectly referred to the input, while the contribution of
the device dimension mismatch increases with the e-
quilibrium overdrive. Thus, it is desirable to minimize
Ves — Vu by lowering the tail current or increasing
the dimensions of the transistor and resistor.
Therefore, the offset voltage can be minimized
from two aspects:design and layout. The dimension of
devices, whose matches are important, must be as
large as possible, especially their areas. However,
large dimensions limit the speed. At the same time,
lowering the tail current by reducing Vg — Vpy is re-
stricted by the gain, which is proportional to I.
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Fig.2 Block diagram of RSSI

Therefore, offset voltage involves a trade-off of
speed, gain,and power dissipation, making the choices
of devices a multi-dimensional optimization. All avail-
able matching means should be implemented in lay-
out,such as placing matched devices close to each oth-
er, surrounding them with dummies, cross-quading

Ll Over-

them,and matching the parasites on wiring
all.a typical CMOS amplifier has an offset voltage of
several mV, which is too large for a LA with high
gain. Therefore, an offset compensation scheme must
be employed.

In addition,the bandwidth decided by lower and
higher cutoff frequencies must be sufficiently high to
avoid intersymbol interferences (ISD), which also de-

grade sensitivity.
2.2 RSSI consideration

A logarithmic amplifier is widely used in RSSIs,
since a wide dynamic variation of signal power can be
represented within a limited voltage range. Unlike
BJT,MOSFET no longer derives a logarithmic charac-
teristic from the pn junction I-V characteristic. Thus
successive detection, as shown in Fig. 2, based on
piecewise-linear approximation is used instead™"%.
Its core is a cascaded chain of amplifiers. As the signal
progresses down the gain chain,it will,at some stage,
begin to clip. The signal at the output of each ampli-
fier is fed into a full wave rectifier (FWR). When the
signal limits the fourth stage of the amplifier chain as
shown,the FWR after this stage source has almost no
current and the FWRs before this stage source have
variable current according the I-V curve of the FWR.
The outputs of these rectifiers are summed and ap-
plied to a low-pass filter, removing the ripple of the
full-wave rectified signal. This pseudo-log, DC-like
voltage indicates the input AC signal strength. The to-
tal sourcing current and the resistor determine the
output RSSI voltage. This pseudo-log RSSI is appro-
priate because it uses the LA in the data path of the
optical receiver,which saves chip area and power dis-
sipation.
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Fig.3 Limiting amplifier architecture

3 Architecture and circuits design

3.1 System architecture

Figure 3 shows the designed architecture of the
limiting amplifier, which consists of an input buffer,
four identical gain stages comprising the LA core,an
offset cancellation loop,an output buffer,and a RSSI
circuit.

3.2 Building blocks

(1) Input buffer and current-mode logic (CML)
output buffer: Normally the length between TIA and
LA is much less than the signal wavelengths when op-
erating below 200Mbps. Therefore, the transmission
line effect is not important. Moreover, the input sig-
nals from the TIA need to be AC-coupled using exter-
nal capacitors. Thus,an input buffer is required for in-
ternal DC-bias, not for the matching network. Illus-
trated in Fig. 4, R; and R, consist of voltage dividers.
The same resistors, R; and R, ,connect biased point B
to two input ends to supply DC bias for the internal
circuits. Considering V, as a differential input signal,
the point B can be regarded as a virtual ground so R,
and R, are AC input resistors. R, and Cj,;.» »coupled
capacitors,construct one lower cutoff frequency. Due
to the lack of a matching requirement, R, , values are
set high to avoid large capacitor values.
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Fig.4 Input buffer

Fig.5 CML output buffer

The CML output consists of a differential pair
with 50Q collector resistors, as shown in Fig. 5. The
signal swing is supplied by switching the current in a
differential pair. In order to keep the signal swing
within the CML requirement,640~1000mV,,,a nega-
tive temperature coefficient resistor is employed to
compensate the proportional to absolute temperature
(PTAT) current.

(2) Amplifier core: The design for the amplifier
core is particularly important, not only for the data
path,bus also for RSSI circuits. Thus, its choice must
be a trade-off between sensitivity, bandwidth, gain,
and RSSI accuracy. For less than 1mV sensitivity, the
amplifier core must provide a gain higher than 60dB
while exhibiting sufficiently wide bandwidth, ap-
proaching 200MHz, to introduce negligible ISI. This
results in an astounding gain-bandwidth product
(GBW) of 200GHz,normally > f;. As a result,a cas-
cade multiple stages design,as shown in Fig. 3, which
can boost the GBW beyond that of a single stage, must
be adopted. For a total gain of A, ,such as 60dB,the
required cell gain-bandwidth product GBW¢ can be
written as

GBW,,
A X VT
where GBW,, = A X BW,,.» GBW. = AY" X BW¢
and m equals 2 for first-order stages and 4 for second-

order stages®'"

GBW. = 9]

. Due to the large dynamic range of
TIA output, the RSSI must indicate a voltage range
from 1mV,, ~1V,,. The upper limit is restricted by
the first stage amplifier, which cannot clip when the
signal input is 1V,,. This can be written as

21ss

w
Mn COX f

\/E(VGSQ_ VTH) = >1 (5

The accuracy of the RSSI primarily determines the
gain of each stage. The maximum error compared
with an ideal logarithmic curve can be derived as"

Error,,(dB) =
10[(~1+/A+ADIgA — (A~ DIg(AS /A ]
A -1

(6)
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Fig.6 RSSI maximum error versus each stage gain

where A, is the gain of each stage. Each stage gain
versus maximum error is illustrated in Fig. 6.

Equations (4) and (6) show the assumed 60dB
total gain,the number of stages n bigger,the least re-
quirement of GBW¢, the least cell gain,and the most
accurate precision. But the gain per stage is small,
making the noise contributed by all of the stages sig-
nificant. For these reasons, typical high-gain LA em-
ploy no more than five gain stages''"’.

According to the analyses above, four directly
coupled gain stages are employed in this work. Each
gain cell is a basic resistor loaded with a differential
amplifier,followed by a source follower,as shown in
Fig. 7,supplying the gain of 6. 8 (16. 7dB) . As illustra-
ted in Fig. 6,the relative error in RSSI is smaller than
2dB, which is satisfactory in optical communication
applications. In order to acquire a gain insensitive to
process and thermal variations. several papers intro-
duced MOS as loads"**'. However, MOS loaded cells
sacrifice linearity and consequently degrade PWD and
sensitivity. In this work, a PTAT current source is
used to compensate the drop of g, with the increase
of temperature. Simulation indicates that the change
of total gain is optimized within 5dB in all process.,
voltage,and temperature (PVT) cases. In Fig. 7, M1~
M3 and R,, R, consist of a differential amplifier.
While M 4 ~ M 7 consists of a source follower, which
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Fig.7 Gain cell circuits

Vos

os

J

C,
T
Off-chip R

Fig.8 Simplified offset cancellation circuit

functions as a level shift to keep the input and output
common-mode levels of each cell the same.

(3) DC offset cancellation loop: As illustrated in
section 2, an offset cancellation scheme must be a-
dopted to improve the sensitivity and RSSI accuracy.
Thus, as shown in Fig. 3, a low-frequency feedback
loop is introduced. Figure 3 is simplified as Fig. 8 to
derive V.. As-, is the total gain of the last three
cells. Vg s Vou-ssand V¢ are the input-referred off-
set voltages of the first stage,the last three stages,and
the feedback stage.respectively. The total output off-
set voltage V.o is derived as
v _ AV t AV + V

osrout 1+ A, A
The offset voltage referred to the input is therefore

052741427;1 (7)

given by
V — Vos.out — Al Vosl + Af Vcsf + VosZ*1
A A, 1+ A,_,AD A,
Vos] X Vosf X V05271 (8)

T ALAT A T A,
Since the feedback amplifier does not need to be fast,
large transistors with good matching properties can be
used to make V very small. This circuit also exhibits
another low frequency cutoff of
. AA,,
o< RC,
It will result in low-frequency pattern-dependent jit-
ter (PDJ) when NRZ data contain long strings of

9

identical 1’s or 0’s. To minimize this effect, f. must
be carefully chosen according to operating speed and
consecutive "1’s or ’0’s. Equations (8) and (9) reveal
that the choice of A; must be a trade-off between
Ve.in and f..In this work.,in order to ensure f. falls in
the range of several kHz,several MQ high poly resis-
tors served as Ry and a 0. 1pF off-chip capacitor as
Ce.

(4) RSSI circuits: The RSSI in Fig. 2 is an archi-
tecture of piecewise linear approximation. Cascaded
gain cells are already existent in the data path. There-
fore,only full-wave rectifiers (FWRs) and a low-pass
filter that ties all the FWR outputs are required.

Considering coherence and power dissipation,un-
balanced source coupled differential pairs FWR is em-
ployed in this work, shown in Fig. 9"'*'. The FWR
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consists of two identical unbalanced source-coupled

pairs M1~M4,with different gate W/L ratios of K,

whose input electrodes are connected cross-coupled
Alpwr = (Upy + Ips) — (I + Iny) = AL — Al

and whose output electrodes are connected in paral-
lel. M5-M6, M7-M8, and M9-M10 form current mir-
rors, respectively. The current of M10 is the output
current of the rectifier. When input voltage is small,
most of the current flows through the larger tran-
sistors (M2-M3). Therefore, the current flow of M5
and M6 is small. M8 obtains a large current by mirro-
ring M7.and so does M10. As input voltage increases,
the smaller size transistors (M1 and M4) start to con-
tribute to the current flow in the left side current mir-
ror (M5 and M6), which causes the current of the
right side current mirror (M7 and M8) to decrease,
and M10 also decreases. Thus, the output current of
the rectifier depends on the input voltage. The output
current Algwr is expressed in Eq. (10) ,where K is the
W/ L ratio of the two input transistor pairs,as shown
in Fig.9.

B
where 8=1/2u,Cox W/L.and Vi, is the differential

input voltage.

0, [Vil=

4 Measured results

The LA with RSSI has been fabricated in 0. 6um
CMOS 2P2M technology and the packaged chip is
bonded to a PCB surrounded with the required exter-
nal components. Figure 10 is the die photo. The active
area is 1. 5bmm X 0. 7mm. Power consumption is 60mW
using a 5V single supply voltage. The LA exhibits a
high sensitivity of 0.5mV for BER = 10™"*. Figure 11
shows the LA output eye-diagrams for a 2 — 1200Mb-

K -1 _, KK - DB Iss
2K+1ISS 4 (K+1)2 ID * |VID‘< Kﬁ
_ 1 2KI 1 1
= < - 2(K - DKBVH — 4KRB \VID\«/(K +1) —gf ~ KV + 05 /_KSZ; <|V1DI§/7 % ST

ps pseudorandom bit pattern at various input ampli-
tudes.

For a 2** — 1200Mbps pseudorandom bit pattern,
the performance of RSSI is obtained with 1 to
1000mV differential input amplitudes, shown
Fig. 12. The RSSI output voltage is approximated by:

Viessi (V) = 1.3V + 0. 36lgV iy (11D
where Vi is the differential input signal in millivolts.
The slope is 18mV/dB. The indication range is as
wide as 60dB within 2dB linearity error. Table 1 sum-

in

marizes the key measured performances of the pro-
posed LA and RSSI.

e
-
e

Fig.10 Die photo
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Fig. 11

92.9mV/div

Table 1 Summary of key measured chip performance

Technology 0. 6pm 2P2M CMOS

Supply voltage 5V

Power consumption 60mW

Active chip area 1. 05mm?

RSSI

Indicating range 60dB (1~1000mV)

821.8ps/div
(€))

Slope 18mV/dB

Logarithmic linearity error

< +2dB

LA

92.9mV/div

Sensitivity 1mV,

Dynamic range 72dB (0. 5~2000mV)

Jitter (PP) 380ps (0. 5mV input)

Jitter (RMS) 66ps (0. 5mV input)

Rise/Fall time (10% ~90%)

1. Ons (0. 5mV input)

(®)

92.9mV/div

92.9mV/div

i

‘?
b\ |

|
B
e

%,

N

821.8ps/div
@

Measured LA single-end output for input level of
0.5mV (2),Z2mV (b),50mV (c¢).and 2000mV (d) (Horizontal

scale:821. 8ps/div, vertical scale:92. 9mV/div)
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Fig.12 RSSI output

5 Conclusion

This work successfully implements a high-per-

formance LA and RSSI,fabricated by using a low-cost
CSMC 0. 6pm 2P2ZM CMOS process. The chip exhibits
200Mbps operation with a 0. 5mV high sensitivity and
72dB ultra wide dynamic range. An indication range
of 60dB within * 2dB logarithmic accuracy is meas-
ured. With an active area of 1. 05mm?”,it consumes 60
mW from a 5V power supply. Its excellent perform-
ance and cost-effective CMOS process demonstrate
that it has commercial applications in the foreseeable

future.
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