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10-Gb/s Limiting Amplifier and Laser/Modulator
Driver in 0.18um CMOS Technology
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Abstract—A limiting amplifier incorporates active feedback, L ceer e
inductive peaking, and negative Miller capacitance to achieve a Yo _ | ] Decision
voltage gain of 50 dB, a bandwidth of 9.4 GHz, and a sensitivity 4 ______ Threshold

of 4.6 mV,, for a bit-error rate of 10 =*2 while consuming
150 mW. A driver employs T-coil peaking and negative impedance
conversion to achieve operation at 10 Gb/s while delivering a
current of 100 mA to 2542 lasers or a voltage swing of 2 }{,, to
50-© modulators with a power dissipation of 675 mW. Fabricated

in 0.18.um CMOS technology, both prototypes operate with a “o
1.8-V supply.
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Index Terms—Broadband amplifiers, inductive peaking, laser :
drivers, limiting amplifiers, T-coils. f.
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. INTRODUCTION Fig. 1. (a) Sensitivity degradation due to offset. (b) Pulsewidth distortion due

. . . tooffset. (c) Effect of offset cancellation in frequency and time domains.
T HE trend toward full integration of broadband transceivers

[1], [2] makes it desirable to realize front-end circuit$notodiode responsivity of about 0.75 A/W, and a TIA gain of
such as limiting amplifiers (LAs) and laser/modulator driverg 1) the LA senses a signal level of 11.9 mV. Thus, the LA
(LMDs) in CMOS technology. While CMOS devices presenyst exhibit a gain higher than 40 dB to provide sufficiently
difficult challenges in the design of these circuits, the neggye yoltage swings for the subsequent CDR and decision cir-

for higher port density and lower power dissipation motivatesits. Moreover, the circuit bandwidth must approach 10 GHz
further research on broadband CMOS techniques. to introduce negligible intersymbol interference (ISI).

Itis the purpose of this paper to demonstrate that CMOS techy, aqgiition to a large gain and wide bandwidth, the LA must
nology can be used to realize two of the critical building blockgs, achieve a relatively low input-referred noise so as not to

in a typical optical system, namely, the LA in the receiver (RX)mit the overall RX sensitivity. With a received signal current
and the LMD in the transmitter (TX). These circuits may SeIVE — 19 ;A and a bit-error rate (BER) of 102, the total noise

as standalone functions in optical modules or coexist with sé-rr nt referred to the receiver input must be b \9{\[/2:__
rializers and deserializers on the same chip. This paper intfgrent reterred to tne receiver Input Must be DEPW=n in =

duces various device and circuit techniques that overcome tf 7 = 1.7 ptAwms. All circuits in the RX chain contribute to

technology limitations and allow the operation of these circuifs =in Where the LAinput-referred noise voltage is scaled by the
at 10 Gb/s with low supply voltages. transimpedance gain when referred to the receiver input. Allo-

. . _ cati % off2. - i ' itivi
Section Il reviews system-level considerations and desifting 20% off*, i, t0 the LA noise, the LA input sensitivity

tradeoffs for LAs and LMDs in a typical optical transceiver: Oﬁld be I(:fss than 4'|75 r_BM h . ;
Sections Il and IV present the architecture and circuit desi nThe LA offset may also impact the receiver performance. As

of the LA and the LMD, respectively. Section V summarize hown i_n_Fig. 1(a), vertical shift of the sig_nal with respect tc_)
the experimental results. the decision threshold reduces the peak signal level, degrading

the receiver sensitivity. In addition, the LA offset leads to
pulsewidth distortion [Fig. 1(b)] complicating the design of
the CDR circuit. Continuous-time offset cancellation circuits
A. Limiting Amplifiers introduce a lower cutoff frequency in the transfer function and

As the intermediate stage between a transimpedance am@l[oop” in the time domain after long runs (also known as
fier (TIA) and a clock and data recovery (CDR) circuit, the LAP@seline wander) [Fig. 1(c)]. At the end of the droop period, the
must satisfy a number of requirements. With a typical receiv&¥nal is again shifted with respect to the decision threshold.

average optical power of 18 dBm, a large extinction ratio, a 10 Mminimize this effect, the lower cutoff frequency must be
sufficiently small, typically on the order of a few tens of

kilohertz.

Il. GENERAL CONSIDERATIONS
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alaser on and off, but laser nonidealites such as chirping and re- 30 %744
laxation oscillation may corrupt the optical output. In “external
modulation,” on the other hand, the laser itself operates contin- 20 5 10
uously and its output is applied to an optical device such as a Number of Stages (n)
Mach—Zehnder modulator.

From the circuit-design point of view, laser and modulatdy9- 3 Required cell GBW as a function of the number of stagies A... =

. . . 50 dB and BW,,;, = 10 GHz.
drivers present somewhat different requirements. Lasers typi-

cally exhibit a low impedance (e.g., @ plus a 209 series

15

resistor) and run at a current level of around 100 mA. Mod- Voo - Voo
ulators have a higher impedan¢e50 ), but operate with - R
voltage swings around 2.5V and, hence, currents on the order of oL
50 mA. The overall voltage swing experienced by each driver is, Vi, L oV

therefore, in the vicinity of 2-2.5 V. Since LMDs must employ
back-termination resistors at the output to suppress secondary
reflections, the output stage is typically designed for a total cur-
rent nearly twice the above values.

C T Gt -I- Cy

A. LA Architecture Fig. 4. Active-feedback architecture.

Ill. LIMITING AMPLIFIER DESIGN

Shown in Fig. 2, the architecture of the LA consists of a
broadband input-matching network, five identical gain stagegerem is equal to 2 for first-order stages and 4 for second-
comprising the LA core, an offset cancellation feedback looprder stages [6]. For example, if BW = 10 GHz andn = 5,
and an output buffer. then the cell bandwidth must exceed 26 GHz/foe= 2 and16
The LA core must provide sufficient gain and bandwidtiGHz for m = 4. More generally, for a total gain o, the

while exhibiting a low input-referred noise. It is, thereforerequired cell gain-bandwidth product GBWan be written as
desirable to employ wide transistors at the input, but at the cost

of degrading the input impedance matching at high frequencies.

: ) , X GBW,ot
For this reason, a broadband matching network using a T-coil GBW, = =i/n w/ai7m 2
network precedes the core [4]. A V2 =1

Designed to operate as a standalone module, the LA must de-
liver large voltage swings to 50-loads, requiring a high-cur- where GBW,; = A.;BW,.; and GBW. = A, "/"BW..
rent output buffer. The large input capacitance of the buffer Fig. 3 plots the required cell GBW for a cascadendiirst-
mandates that the core itself provide a relatively low outpatder or second-order gain cells yielding,, = 50 dB and
impedance, thus prohibiting the use of inverse scaling [5]. AW,,; = 10 GHz. With fr ~ 48 GHz in 0.18uxm CMOS
explained below, each stage in the core must achieve a batggthnology, first-order stages are incapable of realizing such an

width substantially greater than 10 GHz. amplifier. Ideal second-order stages perform better, but imper-
fections such as Miller effect and device junction capacitances
B. LA Building Blocks (actual second-order plot) exacerbate the issue.

1) Amplifier Core: A cascade of, identical gain cells, each Another critical difficulty stems from the relationship be-
having a bandwidth BW exhibits an overall bandwidth of ~ tWeenn and the overall input-referred noise. For a largethe
’ lower gain per stage leads to rapid accumulation of noise. For
the input-referred noise levels targeted in this desigmust
= V2i/m -1 : '
BWior = BW. (@) fall below approximately 5.
This work introduces active negative feedback as a means of

10ne exception is the design in [3], but at the cost of greater voltage heéﬂlpfOVing the GBW of amplifiers. lllustrated in Fig. 4, such an
room. arrangement employs a transconductance stggeto return a
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Fig. 5. Active-feedback cell realization.

fraction of the output to the input a¥,,>. Unlike the conven-

tional Cherry—Hooper amplifier [7], active feedback does not
resistively load the transimpedance stage. The transfer functffif

of the overall amplifier is given by

Vou Avowi
: - = 2 2 ®)
Vin 824 2Cwps + w2
where
A, = Gm1GmaRri1 R @)
1+ GoGmRri R
¢= 1 R1C1+ Ri2Cs )
2 \/Rr1R2C1C5(1 + Gy G2 R Rrs)
14+ GntGrmaRi1 R
2 mfUOm2itL1402
w;, = 6
’ Ri1Rp2CCy ©

For a maximally-flat Butterworth responsg¢,= v/2/2 and
the —3-dB bandwidthw_34p = 27 f_34 = wy/(27). Multi-
plying (4) by (6), we thus have

GmlGnLZ
Avo —3d 2 = = A 7
W-3dB C1Cs ( )
or
Gmle2 1
Ayow_ =— . 8
o adB C1Cy  w_3aB ( )

SinceG,,1/Cy = G2 /Co = 2w f7, (8) can be rewritten as

fr

f—3dB .

9)

Ayow_3dB = fr
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TABLE |
DESIGN VALUES FOR THEACTIVE FEEDBACK GAIN CELL
Parameter } Value
W/L,_, || 32 pm/0.18 pym
W/L, & || 4pm/0.18 um
W/L, 4 20 pm/0.5 pm
Iss1, Isso 6 mA
Isss3 0.5 mA
Riq, Rypo 210Q
L; 1.75nH
Ly 1.0 nH

(similar to MOS varactors), thus providing a greater fraction of
the gate-oxide capacitance and, hence, better trackingMth

and M.

Fig. 6 shows the progressive improvement in the 10-Gb/s eye
ning at the output of the five-stage core as each circuit tech-
nique is applied (the last stage is loaded by the input capacitance
of the output buffer). Active feedback greatly improves the per-
formance, and inductive peaking and negative Miller capacitors
produce a completely open eye with minimal added power con-
sumption and voltage headroom.

Table | summarizes the design values for the gain cell of
Fig. 5. The inductors are realized as metal-6 spirals to minimize
their parasitic capacitance to the substrate. Symmetric inductors
are attractive here, but they lead to routing difficulties between
the stages [9]. Thus, asymmetric inductors are used.

The variation of the load resistors in the gain stages with
process and temperature leads to a departure from optimal in-
ductive peaking, thus degrading the performance. Simulations
reveal an eye closure of 1 dB forHal 5% variation inR; and
Ryps in Fig. 5.

2) Output Buffer: Buffers driving off-chip loads typically
present a bandwidth bottleneck resulting from the large input
transistors that are necessary for high current drive capability. In
broadband applications, the buffer must drive an on-chip back-
termination resistor of about Z%in addition to an off-chip load
of 502 [10]. To deliver a single-ended voltage swing of 0.5V to
the equivalent resistance of 80 the buffer must steer 17 mA,
requiring a tail current of 20 to 25 mA when the incomplete
switching of the stage is taken into account. Consequently, the
input devices must be 120m wide.

This work employs an inductively peakgg doubler as the
output buffer. Depicted in Fig. 7, the circuit exhibits an input
capacitance roughly equal to half the gate—source capacitance of
M, while providing the same transconductance as that/of

This result reveals that active feedback increases the GBW Bi&e penalty is higher power dissipatian.

yond the technologyr by a factor equal to the ratio gf and
the cell bandwidth.

3) Input Matching and Offset Cancellatiorfrig. 8 illus-
trates the details of the input matching network and the offset

In addition to active feedback, each cell also employs inducancellation loop. T-coils are added at the input to improve the
tive peaking and negative Miller capacitance [8]. Fig. 5 shovisapedance match even with the large input transistors used in

the overall gain stage, wherd; and Mg partially cancel the
effect of gate—drain and gate—source capacitofgpind Ms.

the core [4]. Each T-coil occupies an ared 06 pym x 100 pm.

20wing to complete switching, bipolgfr doublers incur negligible power

Since M7 aonS sustain a gate-source .V0|ta_ge _Of Near ZerPanaity. CMOS counterparts, on the other hand, cannot steer large tail currents
they are realized by placing nMOS devices inside an n-welith reasonable input transistor dimensions.
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Fig. 6. Progressive improvement in core output. (a) Resistively-loaded differential pairs. (b) Active feedback added. (c) Inductive peakifl) Biédetve
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Fig. 7. Output buffer realized as an inductively pealfeddoubler.
o . . . . Fig. 8. Input matching and offset cancellation feedback circuit.
The principal difficulty in the design of the offset cancellation

loop relates to the required corner frequerfeyf the resulting

high-pass filter. In order to ensure negligible droop in the outptfork: & 13 M2 poly resistor serves a8 and a 150-pF MOS ,
in the presence of long rung, must fall in the range of a few capacitor a&'r. Note that the distributed nature of the resistor’s

tens of kilohertz. In the circuit of Fig. 8 parasitic capacitance minimizes its impact on the speed of the
output buffer
ApApp/2 +1 Another issue stems from the low load resistance seen by the
fe= T 2rRpCp (10)  feedback amplifier at the input of the LA. To compensate for
an input-referred offset voltage of roughly 20 m\;; and M,
whereArg denotes the low-frequency gain of the feedback netiust steer about 1 mA to their loads while sensing an output
work while the circuit is driven by a source impedancerqft 3 _ o o _ _
One can viewR » as10 k2 4+ 1290 k2, noting that the first 10-R portion

\N_ith Ap ~ 50 dB andArp = 0 dB, RpCp mus_t reach a few exhibits negligible capacitance while isolating the buffer from the rest pf
milliseconds forf. to be equal to a few tens of kilohertz. In thisand its parasitic capacitance.
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M Fig. 10. Circuit realization of one slice in the driver.
Vin _ *
Predriver It The input capacitance of the output stage consists of the
= gate—source capacitance, which is approximately 0.75 pF, and
Output Stage the Miller multiplication of the gate—drain capacitance, which
© is about 0.88 pF. The result imposes a maximum load resistance

of less than 102 in the predriver for a bandwidth of about

10 GHz. To produce a single-ended swing of 600 yn\the

predriver must, therefore, employ a tail current greater than

62 mAl

offset of less than 10 mV, a value determined by pulsewidth dis-The above observations suggest that the predriver is as power

to_rtion requirements. Thus, these transistors must be suﬁiciemlyngry and as difficult to design as the output stage. We also rec-

wide. ognize that the output stage by itself cannot serve as an LMD be-
cause its input capacitance leads to substantial impedance mis-

IV. LASER'MODULATOR DRIVER DESIGN match at gigahertz frequencies.
_This work presents three techniques that improve the band-

cause they must deliver very large currents with high volta jdth at the interface between the predriver and the output stage
swings. The LMD architecture, shown in Fig. 9, consists y about a factor of four, thereby lowering the predriver tail cur-

three two-stage slices. For operation as a modulator driver, ot PY the same factor. The overall circuit realization of one

one slice is enabled, as shown in Fig. 9(b), delivering approXic€ iS shown in Fig. 10.

imately 40 mA to a 502 load. To drive 250 laserston the 1) Negative CapacitanceA negative impedance converter
other hand, all three slices are enabled, providing an output c(N/C) consisting ofA; and M in Fig. 10 transforms’. to a
rent exceeding 100 mA. Fig. 9(c) details each slice, consistingf92tive capacitance between nodeandY'. If the gate—drain

a predriver followed by an output stage. Simulations and mezaPacitance ofi/; and Ms is neglected, the impedance seen
surements indicate that the input and output capacitances of #féking into the drains is expressed as

disabled slices do not degrade the performance of the enabled

Fig. 9. LMD architecture. (a) Laser driver. (b) Modulator driver. (c) Details o
one slice.

LMDs are among the most challenging broadband circuits be

slice. 1 gm + s(Cys +2C,)

The design of the LMD driver begins with the output stage ZNic = T sC. gm — 5Cys (11)
and the required current swing. For a single slice to deliver
40 mA to a 5082 off-chip load and, hence, 27 mA to a Tb- o 1—-5Cys/gm (12)
on-chip termination, the tail current of the output stagge, Znic (C_g N 2) 1 L
must exceed 67 mA. However, complete switching of the tail Ce gm © sCe

current necessitates large input swings and/or wide transistors,

both of which make the design of the predriver stage difficulfthus, for frequencies well below thfg: of the transistorsZx:c

Thus, the final choice of the tail current is determined after its equivalent to a negative capacitare€, in series with a neg-

erations between the two stages. In this designis approxi- ative resistance-(C,s/Ce + 2)/gm.

mately equal to 90 mA, each transistor in the differential pair The upper bound on the value 6f is that which places the

hasW = 600 um andZ = 0.18 zm, and the predriver output circuit at the edge of relaxation oscillation. For random data,

swing is 600 my,;, (single-ended). C. must fall well below this bound to ensure minimal ringing
4 _ - o . andISl. In this design;’. = 200 fF, cancelling approximately
Laser diodes exhibit a dynamic resistance of abdut Blowever, it is diffi-

cult to construct 32 transmission lines on printed-circuit boards. Thus, &20- 30% Qf the '.nPUt capacr[.ance of the output stage. The ﬂoa.tmg
resistor is typically placed in series with the laser diode. capacitorC., is in fact realized as two nMOS varactors in series,
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Fig. 11. Progressive improvement in driver output. (a) Resistive interface. (b) Inductive and series peaking added. (c) Negative capacitance added

Fig. 12. LA die photo.
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Fig. 13. LA measured response. (a) Frequency response. (Horizontal-s2aBHz/div., vertical scale: 20 dB/div.) (b) BER versus input signal level.

with their gates tied to the sources bf; and Mg. With I,, = make T-coil peaking attractive. Even with on-chip spiral T-coils
2.5 mA, the NIC consumes 7% of the overall driver power. [4], this technique increases the bandwidth by approximately a

2) T-Coil and Series PeakingThe low resistance values re-factor of 2.2. In this designk; = 40 Q and the total T-coil
quired at the interface between the predriver and the output stagguctance is 3 nH.
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Fig. 14. Measured LA output for input level of (a) 5 pyand (b) 10 mV,,,. (Horizontal scale: 20 ps/div., vertical scale: 100 mV/div.)

Fig. 15. LMD die photograph.
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TABLE 1l
LA AND LMD PERFORMANCE SUMMARY
Limiting Amplifier
Parameter This work [5] [10]
Diff. Gain (dB) 50 32 60
BW (GHz) 9.4 3 >15
Sensitivity 4.6 mVpp 2.2 mVpp 3.5 mVpp
BER=10""? | BER=10""? | BER=10"°
Jitter (PP) 9.4 ps N/A N/A
Jitter (RMS) 1.6 ps N/A N/A
S11, S22 -15dB -17 dB -10dB
(<10 GHz) | (< 3 GHz) (<10 GH2)
Supply Voltage 18V 25V 3.5V-55V
Power Dissipation
Core 100 mW 53 mW N/A
Buffer 30 mw N/A N/A
Total 150 mW 53 mwW 600 mW
On-chip Offset Yes No No
Cancellation
Die Area(mm®) | 0.5x1.5 0.2x0.15 | 1.2x2.6
Technology 0.18 um 0.25 um | SiGe HBT
CMOS CMOS fT= 47 GHz
Laser/Modulator Driver
Parameter This work [3] [9]
Speed 10 Gb/s 10 Gb/s 10-14 Gb/s
Input Swing 800 mVp o 800 mVpp 560 mVpp
Laser Current > 100 mA 100 mA 15-60 mA
Modulator Swing 2 Vpp 2.5 \/pp 3.6 \Ipp
25Q Drive Yes Yes No
Supply Voltage 18V 5.2V 5.2V
Power Dissipation
Core 360 mW N/A N/A
Buffer 315 mw N/A N/A
Total 675 mW 13w 22W
Die Area (mm?) 0.9x1.8 N/A 1.2x1.1
Technology 0.18 um 0.25 pm Si Bipolar
CMOS GaAs PHEMT fT= 25 GHz

28pssdiv 23.1dns

(b)

Measured eye diagram for (a) modulator driver (attenuated), (b) laser driver (Horizontal scale: 20 ps/div., vertical scale: 200 mV/div.).

The predriver input transistot®; and M, are chosen wide
enough W = 80 pum) to steer most of the tail current with
single-ended input swing of 400 my. The drain junction ca-
pacitance of these transistors limits the bandwidth that is broad-
ened by negative capacitance and T-coil techniques. For this
reason, inductord.s are inserted to create series peaking and
improve the bandwidth further. In this desighy = 1.75 nH.

Fig. 11 shows the progressive improvement in the driver perfor-
mance as various techniques are employed. Variatidd oy
+15% results in an eye closure of 1.5 dB.

V. EXPERIMENTAL RESULTS

The LA and LMD have been fabricated in 0.8 CMOS
technology and tested in chip-on-board assemblies. The
on-chip input and output lines are designed agXdifferential
transmission lines to absorb the routing capacitance in an
artificial distributed transmission line. These lines are realized
using metal-6 on top of a metal-1 ground plane.

A. LA

Shown in Fig. 12 is the die photograph of the LA. The cir-
cuit occupies an area of 0:51.5 mn¥. Fig. 13(a) plots the fre-
quency response of the LA, indicating-é88-dB bandwidth of
9.4 GHz and an overall differential gain of 50 dB. Fig. 13(b)
shows the measured BER as a function of the input signal am-
plitude for a10?® — 1 10-Gb/s pseudorandom bit pattern. The
LA exhibits a sensitivity of 4.6 my, for BER= 10712,

Fig. 14 depicts the measured output for input levels of 5 and
10 mV,,, suggesting that the circuit limits even for a 5-gV
input?

B. LMD

Fig. 15 shows the die photograph of the LMD, which occu-
pies an area of 0.9 1.8 mn¥. The setups for characterization
of the circuit as a modulator driver or a laser driver are shown
in Fig. 16(a) and (b), respectively. In both cases, bias-Ts estab-
lish a bias voltage of 2 V at the drains of the output transis-
tors. Testing the circuit as a modulator driver is straightforward

5Most of the jitter observed in these waveforms arises from the pattern gen-
erator and the oscilloscope.
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since the driver can interface directly with the external{b0- [9] B. Razavi, “Devices and circuits for phase-locked systemsPhase-
environment [Flg. 16(a)]. A 6-dB attenuator is added to avoid LOCking in High-PerfOrmanCe Systems, From Devices to Architegtures

B. Razavi, Ed. Piscataway, NJ: IEEE Press, 2003.

Overload'ng the hlgh-speed osmljosqope. ) [10] H. M. Rein, R. Schmid, P. Weger, T. Smith, T. Herzog, and R. Lachner,
Tested as a laser driver, the circuit must drive &2&ans- “A versatile Si-bipolar driver circuit with high output voltage swing for
mission line followed by a 2% load, making the design of the external and direct laser modulation in 10 Gb/s optical-fiber linKsEE

J. Solid-State Circuitsvol. 29, pp. 1014-1021, Sept. 1994.

printed-circuit board difficult. The arrangement in Fig. 16(b) [11] Y. M. Greshishchev and P. Schvan, “A 60-dB gain, 55-dB dynamic
alleviates the problem by presenting a 23ead to the LMD range, 10-Gb/s broadband SiGe HBT limiting amplifietZEE J.

and a 50 source to the transmission line. The additionakB5- Solid-State Circuitsvol. 34, pp. 1914-1920, Dec. 1999.
resistors attenuate the signal delivered to the oscilloscope by

58%. For a maximum peak-to-peak swing of 2.5V, each drain

node reaches a value of 3.25 V while the corresponding gate

voltage drops to 1.25 V. Thus, the gate-drain potential diffe
ence is stressed by about 200 mV.

The resulting eye diagrams for the LMD are shown in Fig. 1'
Table Il summarizes the performance of the LA and the LM|
along with that of prior work.

This work demonstrates the performance of a limiting am-
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