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Abstract—A fully differential 40-Gb/s electro-absorption mod- lower than 2 and 6 V, respectively. They also operate at
ulator driver is presented. Based on a distributed limiting archi-  high current densities of 6 mAMm? or more and suffer from
tecture, the circuit can supply up to 3.0-\p, (peak-to-peak) per —gignificant self-heating at peakr bias [4]. In the case of an

side in a 502 load at data rates as high as 44 Gb/s. Both the input . . )
and the output are internally matched to 502 and exhibit return output stage having 3}, the SiGe HBT would be biased

loss of better than 10 dB up to 50 GHz. Additional features of the beyondBVcgo, an operating region in which reliability is not
driver include the use of a single—5.2-V supply, output swing con- guaranteed by manufacturers.

trol (1.7-3.0-Vpp per side), dc output offset control (-0.15V to  Tp date, almost all of the reported 40-Gb/s modulator drivers

—1.1V), and pulsewidth control (30% to 66%). The driver archi- — 5.6 paged on AlGaAs—InGaAs pHEMTSs with gate lengths in
tecture was optimized based on a comprehensive analytical deriva- h f0.1100 51 161, | . fits | f
tion of the frequency response of cascaded source-coupled field-ef-N€ ran.ge of 0.1 to 0.2m [. ], [6]- In Sp't? of its low fr o
fect transistor logic blocks using both single and double source-fol- @pproximately 100 GHz, this technology is by far the most at-

lower topologies. tractive for this application. Not only does it have a high break-
Index Terms—Analog integrated circuits, differential ampli- ~down voltage of 6 V and affiyiax of approximately 200 GHz,
fiers, high-speed integrated circuits, integrated circuit design, it has proven yield and reliability, as well as the capacity to be
modulator driver, optical fiber_ communication, optical transmit- manufactured on 6-in wafers. To overcome fhelimitation,
ters, source-coupled FET logic (SCFL). however, the output stage of the driver must be based on a dis-
tributed amplifier topology, possibly with cascode gain stages.
|. INTRODUCTION This will extend the high-frequency performance of the device,
. . ensure good broad-band input/output impedance matching, and
IGH-PERFORMANCE low-cost physical layer |nte-also achieve the required output swing.

tgt_ratedf C'rCl:'tS are ?Sse:g%;?r th? s:JccessfuI .'mgle'lnthis paper, the first full-featured differential GaAs pHEMT
mentation of next-generation 4L-Lb/s optical communica I(Z'godulator driver is presented. It consists of a lumped predriver

systems. To realize an advantage over current wavelengthigiz, i fo1owed by a five-stage distributed amplifier (DA).

V|S|on—n_1ult|plexmg (WD.M) technology, these da_lta rates m.ugompared to previously reported 40-Gb/s drivers, the latter
.be achlevgd ."?“ the smgle-channel level. This prereqwsg ction of the present design is based on a differential dis-
imposes significant technological demands on the front-eﬂ uted limiting architecture, rather than the more conventional

eleh(/‘itrg—(l)p{[t|ca(lj|nterface (EOD cor_npon_er:ts’\.l t onl t th single-ended linear approach. As a result, the circuit can
odulator Grivers are a case In point. Not only must Ine nificantly exceed its small-signal bandwidth when operated
operate at the high data rates, but they must deliver high volt

. der large-signal conditions. The limiting architecture also
levels as well. For conventional Mach-Zehnder (MZ) o ge-sig g

Limplifies the inclusion of output swing control, dc output
electro-absorption (EA) devices to achieve adequate extincti b P 9 ' P

ratios and, thus, reach, these modulators must be driven %fg/set control, and pulsewidth control.

signals having a swing of at least 3-5V(peak-to-peak) per

side. For 40-Gb/s driver applications, the only devices that Il. DEVICE MODELING

have so far demonstrated the requisite characteristics are GaAs _ ) ) )

pseudomorphic high electron mobility transistors (pHEMTS) _Unllke conventional Imear_drlvers, Whl_ch are based_on arel-
and InP double heterojunction bipolar transistors (DHBTSs) [1§tively small number of device geometries operated in satura-
SiGe HBTs with f+ values beyond 210 GHz have also beeHon. the differential limiting architecture calls for a nonlinear
suggested, due to their reproducibility, high yield, and loffévice model that scales accurately over a wide range of gate
cost [2]-[4]. However, there are significant concerns regardifgdths and bias levels. In order to develop a realistic specifi-
their long-term reliability because they exhibit base—emittéation for the driver's performance, it should scale with tem-

(BVcro) and base—collectofBV o) breakdown voltages Perature as well. To this end, a fully scalable nonlinear model
was developed using Agilent's EEHEMT implementation. The

. . . _ nominal model values were derived from S-parameters and dc
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Digital Object Identifier 10.1109/JSSC.2003.815924 obtain good agreement over all of the measured gate geometries.

0018-9200/03$17.00 © 2003 IEEE



1486 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 38, NO. 9, SEPTEMBER 2003

50 T 1T I T 1 T 1 T T ‘ L B B LN L LN LA 120 T T T T 1117 ‘ T T T 1T T 117 i T T T T 1T T T T T TTT \_
A o I (meas) ] N Measured data = symbols _and lines ]
- K R ] [ Simulated data = dashed lines ]
40 - éi s((ril;:.)s) )()8( o )(XYX;X\ ~ ] 100 = * 1 finger, 10 um ]
Lo g:(sim) X Xx%(\ N | I ® 1 finger, 20 um ]
I >()2< 1 [ X 1 finger, 40 um ]
/m\ i b4 1 80 |~ e 2 finger, 40 um ]
é 30 . < L v 2 finger, 60 um ]
% | 1 = F y
= {1 Qe g
é 20 C - g\l— r ]
&t ] 40 |- .
10 N B 20 =
I | . S S ]
B 1 o / s/ Vad b
0_-v !\lIIIIIl||l4|l|||:||llr‘llllu L Lol ol Lol Lol

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 04 0.01 0.1 1 10 100

V;s (V) Ids (mA)

Fig. 3. Measured versus simulatefd -1, characteristics of ¥ 10 um,
Fig. 1. Measured versus simulated drain current and transconductance farsa20 zm, 1x 40 pm, 2x 40 pm, and 2x 60 xm GaAs pHEMTs at 18 C

2 x 40 um GaAs pHEMT biased dtys = 2.5 V. andVy, = 2.5 V.
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Vi (V) Fig. 4. Measured and simulated maximyfm values versus total gate width
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Fig. 2. Measured versus simulated dc output characteristics for 4®um
GSAS pHEMT. P @ [ll. CIrRcuIT DESIGN

A. General Architecture

As an example of the quality of the extracted model, Figs. 1 A block diagram of the differential limiting driver is shown
and 2 present measured versus simulated dc characteristicsrfoFig. 5. It includes three gain blocks, namely, a lumped
a transistor having a 2 40 um gate geometry. By scaling theinput amplifier, a lumped middle-stage amplifier, and a dis-
model parameters with finger width and number of fingers, tabuted output amplifier block, all of which operate from a
similar fit can be obtained for all five gate geometries. Fig. 8ingle —5.2 V supply. The lumped amplifier blocks and the
compares the measured and simulated/,, characteristics at distributed amplifier sections all consist of a double source-fol-
Vas = 2.5 V for different transistor sizes, while pegk values lower stage with level-shifting diodes and a differential inverter.
are presented in Fig. 4 as a function of gate width and tempefa- enable the modulator to achieve its optimal performance,
ture forVys = 1.5 V andV,, = —0.1 V. Over the entire range, the driver also includes variable output amplitude (VOA),
the measured and modeled pefk values are no more thanvariable EA modulator offset (VEA), and adjustable duty-cycle
10% apart. The temperature dependence in the model has kdistortion (DCD) or pulsewidth control.
extracted empirically from device measurements made &€18 The input stage features on-chip S0resistors to provide
and 100°C. Table | summarizes the main scalable model pgeod input match and is self-biased at a level-d@f V. For an
rameters that characterize the small-signal equivalent circuitioput signal of 0.5 Y, per side, this stage provides an output
the transistor. swing of 1.0 \j,, per side. This signal is then amplified and
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TABLE |
0.154:m GaAs pHEMT MALL -SIGNAL MODEL PARAMETERS

Ii/mm gn/mm ge/mm Cg/mm Co/mm Cy/mm Co/mm
200 mA 530 mS 62.5 mS 940 fF 90 fF 72.6 fF 82.5 fF
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Fig. 5. Block diagram of the 40-Gb/s EA modulator driver illustrating the \ \
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Middle limiter inverter Pulse width control

Fig. 6. Middle-stage inverter showing pulsewidth and output amplitude

control function implementation. Fig. 7. Pulsewidth control function signal flow. (a) Signal at the input of the
middle limiter inverter. (b) Signal at the output of the middle limiter inverter after

.. . . L pplying a dc offset through the DCAP and DCAN control inputs. (c) lllustration

limited to 1.4 \;,;, per side by the middle stage. The d|5tr|bUteaf the amplitude limiting function of the next stage. (d) Resulting signal with

amplifier has an overall gain of approximately 7 dB per side amabdified pulsewidth at the output of the next limiting stage.

limits the output swing to a maximum of 3,y per side.
high pulse in relation to the low pulse (or vice versa), as illus-

B. Middle-Stage Amplifier Block trated in Fig. 7(c) and (d). The dc offset and pulsewidth variation
The schematic for the middle-stage amplifier block is showf! can be expressed as

in Fig. 6. To avoid any reflections with _th_e DA, the load re- Vostsot = AlweRr (1)

sistors Ry, are matched to the characteristic impedance of the

DA's input transmission lines, which is greater than(®0The At = Voftset 2)

common-mode resistaR.., is used to set the dc input level 2SL

for the DA. The block also includes the elements required fathere AL is the difference in the currents sunk by the two
varying the output amplitude and pulsewidth. The former Rranches of the second differential pair &idis the slope of
achieved by adjusting the level supplied to the gate of the ithe rising and falling edges of the signal pulse. This pulsewidth
verter current source via the VOA input. The pulsewidth cogontrol scheme only works if the rise and fall times are com-
trol feature is implemented using a second differential pair comensurate with the pulse half period and if it is applied between
nected in parallel with the middle-stage inverter. By default, tHo limiting circuits, which in this case are the middle-stage and
DCAP and DCAN pads are biased at the same level and catl¥e DA.

the differential pair to sink equivalent amounts of current. As = | »
shown in Fig. 7(a) and (b), unbalancing them will introduce & Distributed Amplifier Block

dc offsetV,g.¢ between the middle-stage output signals. If the Although the 0.1-0.2:m gate-length GaAs pHEMT has a
two signals are then hard-limited, the effect is to lengthen tigate-to-drain breakdown voltage of approximatelyV, its fr
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Fig. 8. Block diagram of the distributed amplifier section.

of 100-110 GHz and maximum available gain (MAG) of 15 dE T
at 50 GHz make it, at best, a marginal device for 40-Gb/s app
cations. For a dc-coupled circuit matched tafb@nd having an

output swing of 3 \,, per side, the required modulation curren
is It = 120 mA,,,. Although it is possible to achieve this speci-

fication using a lumped output stage at 10 Gb/s [7], a simple a

alytical derivation indicates that this is not so at 40 Gb/s. Bast¢

on the model parameters from Table I, the size of the transist DINP I:l‘ f
(Wr) required to switch 120 m4, into the on- and off-chip
502 loads is

OUTN A outpP

AAA
VWV

AAA
VWV

DINN o

I
Wp = —— = 450 pm. 3 VoA O——t

- 2145 /mm

AAA
VWY

AN
VWV

Summing the transistor’'s parasitic capacitan€gs and Cyy,, VSS o
the on-chip 50R load resistor’'s capacitande,,, the intercon- -32V) <«— VEA
nect capacitano€vy, and the pad capacitan€g.q gives a total
output load capacitanagy, of

DA inverter Output offset control

Fig. 9. Distributed amplifier inverting stage showing the output offset and
amplitude control function implementations.

CrL =Cas + Cap + Crp, + Ow + Cpaa = 270fF - (4)

and a 3-dB bandwidth of , ,
is controlled from the VOA pad and operates on the same prin-

= —923GHz (5) ciple as, and in conjunction with, the middle-stage amplitude
TRLCL control feature. Both techniques have been applied previously
It should be noted that this output pole does not include tf@ 10-Gb/s EA modulator drivers [9].

added capacitance required to implement the dc output offset . .
control function. D. Choice of Gain-Stage Topology

f3dB =

One solution to this problem is to use a distributed amplifier Industry practice has demonstrated that if the (bipolar) tran-
configuration. Not only will this mitigate the size-versus-speesistor cutoff frequency is at least four times higher than the
constraint, but it also has the added benefit of excellent outfit rate, it is possible to achieve adequate bandwidth and input
return loss. To extend the bandwidth further still, the distributethpedance with a chain of basic gain blocks consisting of a
amplifier block is designed to operate in a limiting mode. Thisingle source/emitter follower and an inverter stage (SSF-INV).
allows the driver to accommodate data rates significantly bBy appropriately scaling the size of the transistor and tail current
yond that predicted by its small-signal bandwidth. Such an ap-each gain block from the output to the input of the amplifier,
proach has proved successful for 10-Gb/s drivers [8]. the required output swing and bit rate can be obtained with the

The block diagram of the five-stage differential distributedhinimum possible power dissipation. In cases wherefthef
limiting amplifier is shown in Fig. 8, and the adjustable outpuhe process is considerably less than four times the bit rate or
amplitude and dc offset control elements of each stage avhere parasitic capacitance to ground is expected to be a major
shown in Fig. 9. By distributing the elements of the latteconcern, additional source/emitter-follower buffering must be
control feature in each stage of the DA and by implementirigtroduced in order to provide adequate compensation.
it with high-impedance cascoded transistors, the parasiticDepletion-mode pHEMTSs, such as the ones used in the
capacitance introduced is both minimized and absorbed into tiresent design, further complicate the problem because they
artificial output transmission lines. The output level is directlyequire level-shifting diodes to provide headroom for the large
affected by the amount of current that the control transistosgnal swings at the inverter outputs. In order to lessen their
draw through the DA loads and can be varied by changing tmpact on the bandwidth of the gain block, high-frequency
level applied to the VEA pad. The adjustable output amplitudgypass capacitors must be included in parallel. Since both they
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Fig. 10. Basic DSF-INV gain block with ac-bypassed level-shifting diodes. The parasitic capacitances to ground arising from the transidsi¢eahshafting
diodes, and bypass capacitors are illustrated.
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Fig. 11. Small-signal equivalent circuit used in the analytical derivation of the frequency response of a SSF-INV stage.

and the diodes introduce parasitic capacitance to ground, thesurce, gate-to-drain, source-to-bulk, and drain-to-bulk capaci-
relative sizes and distribution between source follower stagesice (s, Cga, Csh, andCqy, respectively), the final load ca-
must be carefully considered if there is to be any bandwidpiacitanceCy,, the finite impedance of the tail transistol 4
improvement from adding extra buffering. When the circuindCys/Caq1), and all of the bulk capacitance arising from the
is implemented on a very thin 28m-thick GaAs substrate, diodesCy;.q. and bypass capacitors used to shunt ti&gy ot -
such as in the present design, the parasitics are such thdaimplify the notation, all of the capacitances at the source fol-
double source-follower inverter (DSF-INV) topology becomelwer outputs are summed and represented as a total @glue
mandatory. This arrangement is shown in Fig. 10 along wiffhe exact value of the total capacitance is dependent on several
the associated diode and capacitance elements. factors, namely, the number of level-shifting diodes, the size of
An analytical derivation of the frequency response of botie bypass capacitor, and the size of the three transistors that
the SSF-INV and DSF-INV gain blocks is presented in the Amre connected to the common node. It should also be noted that
pendix. It demonstrates that, with the available pHEMT teclthe path through the diodes is considered an ideal short-circuit
nology, the DSF-INV topology is optimal for meeting the outpuat high frequency, hence, there is no associated series resistance
swing and bit-rate target with the minimum possible power disr capacitance. This assumption is valid because the bypass ca-
sipation. It should also be noted that a faster cascode inverter jpacitors are large, being in the range of 2—4 pF.
plementation is not feasible given the supply voltage 62 V In lieu of exact expressions for the poles and zeros, which
and the 3-V,, output swing requirement. are overly complex and largely uninsightful, Figs. 12 and 13
The transfer function of the SSF-INV is obtained by anaand Table Il are provided to explain the operation of the circuit.
lyzing the equivalent circuit shown in Fig. 11. It includes alFig. 12 illustrates how the bandwidth varies as a function of the
those components that have a significant effect on the bailserter to source-follower gate-width scaling, which is denoted
width of the overall response, namely, the transistors’ gate-toy the parameter = W3 /W5. Clearly, the optimum bandwidth
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TABLE I
POLES AND ZEROS FOR THESSF-INV WITH SOURCEFOLLOWER SCALING

Stage p=0.75 p=l p=2 p=3

poles (GHz) zeros (GHz) poles (GHz) zeros (GHz) poles (GHz) zeros (GHz) poles (GHz) zeros (GHz)

Inverter  |pi| =65.2 |z1] =937 [p1| =65.2 |zi] =937 [p1| =65.2 |z1) =937 [p1| =65.2 |zl =937
2% SF Ipdl =72.5 |z =89.7 Ipd =734 [2,|=89.7 Ip2 =75.1 |22 =89.7 P =758 |z =89.7
Ipsl =315 |zs| =652 Il =28.3 |z =65.2 Ipsl =203 |z =65.2 =159  |zs|=65.2
IP VD lpd =715  |z|=72.5 Ipd =724  |z|=73.4 P =743 |z =75.1 Ip =75.1 |24 =75.8
lps' =19.2 lZsl =31.5 lpsl =20.6 stl =28.3 Ipsl =235 |Zs| =20.3 |p5! =24.7 IZsI =15.9
Ipel =19.2 Ipel =20.6 Ipel =23.5 Ipe =24.7
8 I T T 7 T 2 1
p=1
4T p= p=0.75 1 0
/M /M
I S
A | N’
£ g
< I <
e 0} p= . o -2
5] - ]
an &n
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> >
4 . -4
_8-,...|.L.,|;,.,|....|‘.,l,.. _6-..‘.”,.‘,.,.....H,.‘..
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Fig. 12. \oltage gain of the SSF-INV stage as a function of frequency affidlg. 13. Transfer function of the input voltage divider formed by the signal
of the scaling ratig between the size of the transistors in the inverter and theource impedance and the input impedance of the SSF-INV stage as a function
source follower. of the scaling ratipp between the size of the transistors in the inverter and the
source follower.
occurs for values gf approaching 1. The inverter in the present
example is based on the middle-stage amplifier and is scakgukbctive of the scaling coefficiept it is not possible to achieve
such that it can deliver 1.4 V into a load slightly greater thasufficient bandwidth for 40 Gb/s using this technology and this
50 Q. Based on the transistor characteristics given in Tabledgnfiguration.
the value ofCy, is 65 fF andC}3 varies between 185 and 320 fF  The solution is to switch to a DSF-INV topology, which is
over the full range op. This latter variation reflects the fact thatrepresented by the equivalent model in Fig. 14 and analyzed in
the tail transistors, diodes, and bypass capacitors are all assuthedAppendix. Like the SSF-INV, many of the poles and zeros in
to scale with their respective source-follower transistor. the transfer function either cancel each other or are nonsignif-
Fig. 13 shows the transfer characteristic of the input voltageant. The resulting approximation, which is very nearly exact,
divider formed betweerRs and Z;,». Owing to the negative consists of only the complex poles andpy and the real pole
real component of the source follower’s input impedance, they.
gain profile of this portion of the circuit exhibits a considerable To illustrate the effect of gate-width scaling, Figs. 15 and
amount of peaking. Table Il presents the complete set of polEs are presented along with their associated poles and zeros in
and zeros for each of the four valueggfiotted in Fig. 13. Close Tables llland IV. In the firstinstance, Fig. 15 and Table il illus-
inspection of the table reveals that z,, andp, are all too high trate the response when the second source follower has the same
to be significant, and that; = z3, p» = 24, p3 = 25 and, con- geometry(p = 1) as the inverter and the first source follower
sequently, cancel. Thus, the overall response of the SSF-INVisscaled by an amout= W, /W;. From Fig. 15, the widest
defined almost entirely by the polgs andpg. Sincep; andps  bandwidth of 41 GHz is achieved fér = 2. The degradation
form a complex pair, the overall bandwidth of the SSF-INV iboth above and below this value can be explained in terms of the
dependent not only on their magnitude, but on their associatbdee critical poles identified previously. Referring to Table 111,
damping coefficient as well. In spite of the bandwidth exten-ps andpy increase a% is decreased, which means that the peak
sion afforded by the SSF-INV, it is clear from Fig. 12 that, irreintroduced by the negative real component of the source fol-
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Ca = Caaz + Cas1 + Cap1 + Ceapbot1 +Cioder + Cobi
Cis = Cgz + Cysz + Cava + Ceapbotz + Catiode2 + Csb2
CL = Cys3 +Cap3 +Cr

8m2 Vgs2
Y3 v ng3 Y4 Vout
. % { > .
+

Fig. 14. Small-signal equivalent circuit used in the analytical derivation of the frequency response of a DSF-INV stage.

p=1,k=3

Voltage gain (dB)
o L

Voltage gain (dB)

|
'
H
— T

4+

ol e N
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Frequency (GHz) Frequency (GHz)

gl AN I S S S S S SU

Fig. 15. Voltage gain of the DSF-INV stage as a function of frequency arfdg. 16. Voltage gain of the DSF-INV stage as a function of frequency and of
of the scaling ratid: between the size of the transistors in the second and firdte scaling ratig between the size of the transistors in the inverter and in the
source-follower stages. The scaling ratibetween the size of the transistors insecond source follower. The scaling ratidoetween the size of the transistors
the inverter and in the second source follower remains constant. in the second and first source follower stages remains constant.

Ipwer’s input impedance moves up in freque_ncy. At the 53”27‘3, are maximized for only a modest reductioryify. In other
tllme,l thtﬁ real p(()jl@m decrea;t(ahs. tﬁm@%‘ andpy T_crease fT‘Otfet words, the additional source follower increases the impedance
Sﬁ.wﬁ’th arg)pmd gg:ﬁa}ses WIth, gre IS an optimum pointat ge.qy by the preceding inverter, reduces its capacitive loading
which the bandwidin 1S maximized. ... and, therefore, regains most of the bandwidth that is lost due to
The effect of varying the source-follower geometries JOlhtI)(I)e diodes and bypass capacitors
with _respect to the inverter is presented in F_ig. 16 and T_able I ‘As a final remark, small-signal bandwidth is an important
In t:ns casep = W:r”]./WZEj]; :_2i an(;]tghs °2p'f|'_rr?al smlall-si_gnal figure of merit upon which to base broadband amplifier design,
petr ormar}ct(ra] IS acl |eved pr= ?r_ll_ bI_ I\) e eXE ?hna 10N, aven ifit cannot be directly applied to a limiting architecture. By
mb ermsTcr: €po e?har; thzetros or table v, IS much the Samec,aelsrm‘ully maximizing it while minimizing dc supply current, the
above. The reason that the ransmission response 1S More Sefigkjifier s guaranteed to have good overall large-signal perfor-
tive to variations irp compared t@ is because the level-shifting mance
diodes have been deployed entirely at the output of the secong '
source follower. Consequently, any variationzinwill affect
their size and thus the amount of parasitic capacitance that is
introduced. Although not immediately obvious, it turns out that The die, shown in Fig. 17, has dimensions of
this approach has a significant advantage over distributing th®5x 3.99 mn¥ and was fabricated by Fujitsu Quantum
diodes between the outputs of both the first and second stagesvices, Ltd., using a 0.1pm AlGaAs—-InGaAs pHEMT
By minimizing the total capacitance at the output of the firgirocess. The substrate height is;28, and with an additional
source follower stage, the critical poles of the circpif,and 32 um of backside metal, the IC has a total thickness ofi60

IV. FABRICATION
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TABLE Il
POLES AND ZEROS FOR THEDSF-INV WITH SOURCE FOLLOWER SCALING ONLY
Stage =1, k=1 p=1, k=2 p=1, k=3
poles (GHz) zeros (GHz)  poles (GHz) zeros (GHz) poles (GHz) zeros (GHz)
Inverter  |py| =65.2 |zi] =937 |p1| =65.2 |zi) =937 [p1] =65.2 |zi) =937
2" SF Ip2l =73.4  |z.| =89.7 Ip2l =73.4  |z5| =89.7 Ipl =73.4 |z2] =89.7
|ps| =28.3 |z5] =65.2 [ps| =28.3 |z3) =65.2 Ips| =28.3 |z3] =65.2
1# SF |ps] =72.3 |z4) =89.7 |p4l =72.4 |z =89.7 Ip4| =72.5 |zs| =89.7
|ps| =38.7 |zs| =73.4 Ips| =32.6  |z5|=73.4 Ips| =28.8 |zs] =73.4
Ips| =38.7 |z6| =28.3 Ips| =32.6 |ze| =28.3 |ps| =28.8 |z¢| =28.3
IP VD Ip7l =72.5 |z =72.3 |pr| =72.6  |z7| =72.4 Ip7] =72.6  |z4]=72.5
|ps| =36.5 |zs] =38.7 [ps| =36.3 |zs) =32.6 |ps| =34.4  |z5| =28.8
|ps| =36.5 |zo] =38.7 Ipo] =36.3 |zo] =32.6 Ipol =344 |z5| =28.8
[p1o] =22.3 [p1o =25.7 Ip1o] =29.9
TABLE [V
POLES AND ZEROS FOR THEDSF-INV WITH SOURCEFOLLOWER-INVERTER SCALING
Stage p=0.75, k=2 p=1, k=2 p=L5, k=2
poles (GHz) zeros (GHz)  poles (GHz) zeros (GHz) poles (GHz) zeros (GHz)
Inverter  |pi| =65.2 |z1) =937 |p1] =65.2 |z1| =937 |p1| =65.2 |zi| =937
2™ SF Ip2l =72.4  |z,| =89.7 [p2| =73.4 |z2) =89.7 Ip2 =73.4 |z2] =89.7
Ips| =30.6 |zs] =65.2 |ps| =28.3 |zs] =65.2 |ps| =28.3 || =65.2
1* SF |ps| =71.4 |z4| =89.7 |p4| =72.4 |z4| =89.7 Ips| =73.9 |z4) =89.7
Ips| =33.8 |zs| =72.4 Ips| =32.6  |z5|=73.4 |ps| =30.9 |zs| =74.7
Ips| =33.8 |z6| =30.6 Ipsl =32.6  |z¢| =28.3 Ips| =30.9 |ze| =24.9
IP VD [p7l =71.5 |z =71.4 Ip7| =72.6 |z7] =72.4 |p7| =74.0 |z2| =73.9
Ips| =33.6 |z =33.8 |ps| =36.3 |zs] =32.6 |ps| =40.7 |zs] =30.9
Ips| =33.6 |zo| =33.8 |pol =36.3 |zo] =32.6 |ps| =40.7 |z5] =30.9
[p1o] =24.5 [p1o] =25.7 [p1o] =27.1

86 100A oscilloscope with 83 484A 50-GHz sampling heads.
High-speed interconnections to and from the die were made via
65-GHz GGB wedge probes and 12—in 2.4—mm cables. In order
to assess the characteristics of the test setup, preliminary mea-
surements were performed on it without the device under test
(DUT) connected. From the eye diagram shown in Fig. 18, the
—lL : total jitter arising from the measurement resolution of the scope

TeL =5 g (1 psws), the dispersion of the high-speed interconnect and
B e = E’ e 0 the MUX'’s clock jitter sum to 6.7 pg,. The 12-ps 20%-80%
B é Holt m H E 1[.3. rise/fall time that is also evident is partly due to the MUX output,

' " but based on the S-parameters of the setup on its own, it is also

Fig. 17. Microphotograph of the EA modulator driver IC. as a result of the 16-GHz measurement bandwidth.
The driver consumes 2.8 W and exhibits an overall small-

signal gain of 16 dB per side when it is dc coupled to an EA
The process features one metal layer, an underpass Iafnegrof(]julator and external load. Fig. 19 shows that the measured

through-water vias, interdigital pHEMTSs and Schottky diode %’nd simulated single-ended input and output return loss are in

epitaxial resistors, and MIM capacitors. The circuit itself ha
240 transistors and includes on-chip bias decoupling filters. excellent agreement and that they are both better than 10 dB

from 0 to 50 GHz. Although not shown, the die exhibits 60-dB
isolation up to 35 GHz, and when tested with mismatched loads,
V. MEASUREMENTRESULTS offers no evidence of instability. Simulations also suggest a dif-
The driver circuit was measured as a bare die using an Aferential output return loss of 15 dB up to 50 GHz. Figs. 20 and
ritsu MP1801A 43.5-Gb/s multiplexer (MUX) and an Agilen21 present the measured 40- and 44-Gb/s eye diagrams for a

L )]0
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Fig.18. Measured 40-Gb/s eye diagram witff&21 pattern for the test setup Fig. 21. Measured 44-Gb/s eye diagram witi*&-21 pattern showing 3
without DUT. output swing per side.
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Fig.22. Measured 40-Gb/s eye diagram witl¥&-21 pattern showing the eye
Fig. 19. Measured versus simulated input and output return loss°&t.18 crossing at 30% (pulsewidth control).
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Fig. 20. Measured 40-Gb/s eye diagram with®a-21 pattern showing the Fig.23. Measured 40-Gb/s eye diagram witt¥&-21 pattern showing the eye
maximum 3\, output swing per side. crossing at 66% (pulsewidth control).
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fle Gricl Seup Memure Cabte Uit 12002002 1 m output swing of 1.7 . In both of the preceding instances,
S the control values can be varied smoothly between their two ex-
e tremes

Mask Test "ﬁ
o f b VI. CONCLUSION

A differential distributed limiting EA modulator driver IC
using 0.15um GaAs pHEMTs has been designed and fabri-
cated for optical transmission systems operating at data rates in
the 39.8-42.8-Gb/s range. The IC achieves,3 per side and
features output swing control, dc offset control, and pulsewidth
control. Both the circuit topology and design are based on a
comprehensive analytical derivation of the frequency response
of SSF-INV and DSF-INV gain blocks. The final implementa-

G ~ tion at both the gain block and die level is further optimized
Eiﬁ?%i’b"x’f‘" | 2 %iﬁsz?%%"!\’f””;-3‘6&253386%’”; seﬁ%%’“w”” 5’"9.5"”5’”“ v by means of a fully scalable nonlinear device model. Although
' GaAs pHEMT technology is emphasized in this paper, the prin-
Fig. 24. Measured 40-Gb/s eye diagram with*a-21 pattern showing the Ciples and equations presented here can be applied to the design
maximum output dc offset level 6f1.1 V. of many other high-speed digital circuits and logic topologies,
including HBT and MOSFET common-mode logic.

.’ glz Maiantml Setup Measure Calbrate  Uties Help . 13 May 2002 10:17) m APPENDIX
DERIVATION OF THE SSF-INV AND DSF-INV
Mask Test =} . i FREQUENCY RESPONSE

The derivation of the SSF-INV frequency response starts at
the output, which in this context is a common-source gain block
having zero source resistance (which is assumed to be incorpo-
rated into the previous stage). To determine its transfer function,
KCL equations are formed at poinkg; andX, in Fig. 11 and
the results equated to obtain

' ¥ Meastre 1 H ‘ C
5 bt i urrent ini % otal m s R _ ged3
Rise tine(s) {044 ps  10-39ps ﬁ et § Im3IL (1 5 gma

o Jllf?til timegg ;0 37 ps 10 44 ps, ;\}01173,,28 SD Ainv — —
L L er p-| viTs 3
E R by 14+ SRL(OL + Ogdg)

39.8 bs SBGG

RZ /HRZ Qear Measz e ,3

| BT ey | gty mapn, g VWnereCr includes the drain to-bulkoa, and drain-to-source
- (45 Capacitance of the inverter transistor, as well as the parasitic
capacitance to ground associated with the load resistapcé

Fig. 25. Measured 40-Gb/s eye diagram with’-21 pattern showing the simjlar procedure is then followed to derive the inputimpedance
minimum 1.7 \},, output swing per side.

(A1)

Zis = Rasz[1 + sRL(CL + Cgas)]

231—1 PRBS pattern. In both cases, the output swing is 3,0 V " 1+ as + bs?
per side for a differential input signal having 0.7, Vper side. 5nq the coefficients in the denominator are given by
As noted above, much of the jitter present can be traced to the
clock signal tt;aélz_used t_o synfcmonrl‘;ehthe osgll!Ofcope andt_the a = Rasa(Ci3 + cédg) + RL(CL + Cya3) (A3)
uncompensated dispersion of the high-speed interconnection. b= RiwRi (C C Cr + Cora). A4
The eye closure is partly the result of the limited measurement as2RL(Ci3 + Cga3)(OL + Cyas) (A4)
bandwidth. Since only the output cable and probe heads maggr simply the expressions, all the terms associated with the
in this regard, it will be somewhat better than the 16 GHz stat@fier effect are incorporated int6”,, as follows:
previously.

Figs. 22—-25 demonstrate the EA driver control functions in Céd:s = Cyas(1 + gmsRL)- (A5)
operation for a differential input signal having &2 1 bit pat-
tern and 0.7 Y, per side. From Figs. 22 and 23, the duty-cyclé should be noted that the Miller approximation is not applied
control function is shown to vary between 30% and 66%. The the calculation of7;,5. Although it does simplify (A2), it
maximum dc offset, which is defined as the level of a logic “1bverstates the bandwidth and does little to make the subsequent
output, is shown in Fig. 24 to be1.1 V. This contrasts with all expressions for this multistage amplifier any less complicated.
previous eye diagram plots, which have the minimum offset of The determination of the transfer function of the second
—0.15 V. As an illustration of the output swing control, Fig. 25ource follower involves forming the KCL equationat and
depicts the measured eye diagram in the case of the minimagquating it to the expression for the voltage drop betwéen

(A2)
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and X3. From (A2), the load is7;,,3, which gives a transfer In a procedure similar to that followed in the derivation of (A7),

function of the input impedance of the first source follower is given by
Im2Zin3 (1 + s%) 1 1+ g1 Zino (1 n 5%)
A = o) (A6) Tt = (A13)
1+ gm2Zin3 (1 + sﬁ) 5Cgq1 5Cygs1

) i . and permits the determination of the response of the DSF-INV’s
The complete input impedance for the source follower is NOWput voltage divider

calculated in two steps. In the first instance, the KCL equa-

tion at nodeX3 is used to determine the equivalent impedance Aor = Zin1 (A14)
seen looking into the gate of the source follower’s transistor. YU Re + Zimn

This expression is then combined in parallel with the transi

tors’ gate-to-drain capacitan,q to yield &omblmng all of the individual gain terms, the overall transfer

function for the DSF-INV consists of a dc gain term, ten poles,

Chs and nine zeros
1 1+ gm2Zin3 (1+sﬁ2‘)
Zin2 = : (A7) I (1 _ i)
Sng2 SCgs2 i=1 Zi
Ay = AvaAsti Aspp Ainy = Aolo—S (A15)
Although it is possible to expand this expression, the result does IIizs (1 N E)

not provide much insight. Moreover, as the analysis continues . ) ) )
toward the overall input of the circuit, the equations only gé(yhere the familiar expression for the dc gain has been singled
more complicated. outas

Having determined the input impedance to the source fol- A — gm3 R, ALG
lower, the input voltage divider has a transfer function of 0= 1 1 1 1 : (A16)
( + gmles1) ( gmszsz>
Zin2

Aq (A8) When all of the terms in (A9) and (A15) are expanded, it

" Rs+ % . . . .

s 2 becomes possible to solve the resulting polynomial expressions
where in the general casBg should be replaced witHs, the to arrive at the complete set of poles and zeros presented in
output impedance of the preceding inverter stage. Tables II-IV.

When all of the terms are combined, the result is a complete
SSF-INV transfer function consisting of six poles and five zeros ACKNOWLEDGMENT
H5 ( S) The authors would like to thank Fujitsu Quantum Devices,
=1\ Ltd., for fabricating the die and their colleagues H. Tran
A, = AyqAsp Ay = Ag———— L A9 i, 4 . . o ’
A °H6 ( B i) A9 p. Viorel, and S. Szilagyi for their valuable contributions.
i=1 Dpi
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