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Over-Simplifving the model:

e

CQBI)\J951 CQEID'JQEE Cgs;:)\,'ggs cgsI)Ugg4
—-artificial transmission lines coupled by transconductances

Reallv-over simplifving the model

______________
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o L 3 1

for frequencies f::{fc,:artiﬁcial lines can be Eplaccd by"_;eal ones,...
TeVLoCs)  Zg=V(Lo/C) Te=V(Lg(Ce+Cyy)) Zg=V(Le/(Cy+Cos))

Clearly we want Zd=Zg=50Q; we also want Td=Tg.
Above model shows that bandwidth =Ia’m’{Lgl{Cg+Cgs}} if Tg=Td
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112-GHz, 157-GHz, and 180-GHz InP HEMT
Traveling-Wave Amplifiers

Bipul Agarwal, Adele E. Schmitz, J. J. Brown, Mehran Matloubian,
Michael G. CaseSenior Member, IEEEM. Le, M. Lui,
and Mark J. W. Rodwell

Abstract—We report traveling-wave amplifiers having 1-112 Gate g Cg o s Drain
GHz bandwidth with 7 dB gain, and 1-157 GHz bandwidth with | AAA AAA—O
5 dB gain. A third amplifier exhibited 5 dB gain and a 180- |+ |
GHz high-frequency cutoff. The amplifiers were fabricated in a Cys Vs
0.1-um gate length InGaAs/InAlAs HEMT MIMIC technology. - <¢>ng ==, § e
The use of gate-line capacitive-division, cascode gain cells and L
low-loss elevated coplanar waveguide lines have yielded record f
bandwidth broad-band amplifiers.

Index Terms—Distributed amplifier, MMIC, traveling-wave %

Ts

amplifier, TWA.
Source

|. INTRODUCTION (@)

in multigigabit fiber-optic receivers and as preamplifiers
in broad-band instrumentation. Future 100- and 160-Gbit/s " Drain
optical transmission systems will require amplifiers with very
high bandwidths. High-electron mobility transfer (HEMT)
traveling-wave amplifiers (TWA’s) with~100 GHz band- ... . V. (D anVee gds
widths have been demonstrated [1]-[3]. Paslal. [2] used T
capacitive voltage division [4] on the gate synthetic line to
obtain 11 dB gain over a 1-96-GHz bandwidth. Capacitive
division decreases the frequency-dependent losses on the gate
synthetic transmission line. With these losses reduced, the Source
number of TWA cells can be increased to increase TWA =
gain. In this manner, the feasible gain for a given design (b)
bandwidth is increased. With very small capacitive diviSiopig. 1. Small-signal equivalent circuit of (a) a HEMT and (b) a simplified
ratios, losses associated with the HEMT input resistancadel.
are reduced to the point where other loss mechanisms are
significant. If the dominant loss mechanisms are the HEMTansmission-line skin-effect losses impact the feasible am-
series input resistance and shunt output conductance, phiéer bandwidth, and the required transmission-line lengths
capacitive-division TWA can obtain gain—bandwidth productsecome shorter than the physical dimensions of the HEMT's,
limited by the transistor power gain cutoff frequenfy.x. If making the physical layout unrealizable. By using coplanar
a cascode cell is used as the transconductance element wigtveguide (CPW) transmission-lines with the center conduc-
the TWA, the gain—bandwidth product can be increased wélir raised ~2 pm above the substrate [5], [6], the CPW
beyond the transistof,,.x. effective dielectric constant is reduced, reducing the line skin-
For design bandwidths above 100 GHz, TWA design isffect losses and increasing the wave velocity. Bandwidth is
strongly impacted by both the losses and physical dimeimproved, and the physical layout becomes realizable.
sions of the synthetic transmission lines. With small capac-Using gate line capacitive division and elevated CPW, we
itive division ratios and design bandwidths above 100 GHhave fabricated TWA’s with 1-112 GHz bandwidth at 7-10 dB
Manuscript received March 20, 1998; revised August 15, 1998. This wold!"N and 1-157 GHz bandWIdth at5dB gain. A t_hl_rd amplifier,
was supported by DARPA under the Thunder and Lightning program ando4ocessed on a wafer with a higher HEMT, exhibited 5 dB

California/Hughes MICRO no. 8960808. (Tj;ain and a 180-GHz high-frequency cutoff.
B. Agarwal and M. J. W. Rodwell are with the Department of Electrical

and Computer Engineering, University of California, Santa Barbara, CA 93106

USA (e-mail: rodwell@ece.ucsb.edu). [I. THEORY
A. E. Schmitz, J. J. Brown, M. Matloubian, M. G. Case, M. Le, and . - . .

M. Lui are with Hughes Research Laboratories, Malibu, CA 90265 USA. Travelmg'wave ampllflers are broad-band circuits whose

Publisher Item Identifier S 0018-9480(98)09230-8. gain—bandwidth product substantially exceeds the transistor

ROAD-BAND amplifiers find applications as gain blocks ¢
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SE A T
T (b) C (c)

Fig. 2. Periodic synthetic transmission lines (a) without loss, (b) with frequency-dependent loss, and (c) with frequency-independent loss.

current-gain cutoff frequency.. In TWA's, transistor input z=2,,

and output capacitances are absorbed into synthetic trans- length=1,,
mission lines (C ladder networks). Amplifier bandwidth is ~ Paem velocity= v
then limited by the synthetic-line (Bragg) cutoff frequency,
by frequency-dependent losses associated with the transistor ~Zz=Z
input and output resistances, and by transmission-line losses. length=1,
TWA design theory is described clearly in [7]. In the analysis velocity= Ve,

below we show [2], [8] that with gate-line capacitive divi- Caiv

sion, the gain—bandwidth product of a common-source TWA I, - I

approaches the transistdy,... With cascode gain cells and Rgen \ Ry term
capacitive division, feasible gain at a given design bandwidth Z2=Z,,

is, in principle, constrained by the cascode cells’ maximum®" length=l1,, =
available gain, although circuit size, power consumption, and = velocity=Y,

line loss considerations will set feasible gains well below this @

limit.

Fig. 1 shows complete and simplified HEMT small-signal
equivalent circuit models. Because of feedback throGgly,
TWA analysis with the full HEMT model is complex, and the
simplified model of Fig. 1(b) will instead be used. Fig. 1(b)
models only the dominant parasitics, e.g., the gate-source
capacitancely,, the input resistance;, the transconductance
gm, and the output resistance;;. These elements scale
with HEMT gate width (device ared),, with g,,, and C,;

Rd,term

proportional to W, and r;, and rq, proportional to Wg—l. Rgen
fr = gm/27Cys and fuax = fr\/7as/4r; are independent Vgen

of W,.

Design relationships for synthetic lines are now required. ®)
The synthetic line of Fig. 2(a) is lossless for frequencies S o ' 3
below the Bragg cutof frequencys = 1/rV/LC. but has [ %, Sreut deger o e eepasie dusn s waye gt
very high attenuation forf > fg. For frequencies well nogel
below the Bragg frequency, the synthetic line has characteristic
impedanceZ, = /L/C and per-section delay = LC. If
a small series resistande is added with a portior; of the Where
shunt capacitance as in Fig. 2(b), the line becomes lossy. The

L , a~Z[2R. 2
frequency-dependent loss per section is givereby, where
Fig. 3(a) shows a HEMT capacitive-division traveling-wave
a =~ 4n? f2C2RZ/2. 1) amplifier. In this circuit, inductive and capacitive reactances
are implemented through transmission line sections. In both the
gate and drain circuits, inductors are approximated with high-
Adding a large shunt loading resistanée as in Fig. 2(c) impedance line sectionsZ{ and Z;), while shunt capacitors

introduces a frequency-independent loss per sectiofi, are implemented with series stubig,(,;,). These line sections
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per-section attenuation are

Zo, g =Zo = +/Laf(Cqy+ Cur)
Ty =T = +/La(Cy+ Cu)

fB.a=1/mw\/L(Cyq+ Cy;)

g = Z0/27’d5. (5)

Equalizing Zy , = Zo 4 and 1, = T4 simply requires that
Lg = Ly, Cg = Cy, andCy,. = MCHS.

Gain—-bandwidth limits can now be derived. For each tran-
sistor, the input signal propagates through a section of the
gate line before driving that transistor’s input and producing a
drain currentM g,,,V,s. The drain current generates a forward
wave on the drain line of amplitud® ¢,,,V,; Z, /2. Given that
we have sefl}, = 1}, all HEMT outputs add in phase. The
overall amplifier gain is

Fig. 4. Small-signal model of the amplifier.

A’U = _NMgrnZo/2- (6)

are short in comparison with a wavelength and can be modefgge number of HEMT sections is limited by line losses. The
with LC w-sections, resulting in the circuit model of Fig. 3(b)input voltage to theVth stage is attenuated tay (V—1/2)as
The gate-circuit series lines of characteristic impedage Setting the total gate line losses to'/2 ~ —4 dB, the

phase velocityy,, and length/, are modeled in Fig. 3(b) as maximum number of transistor®,,.x for a given desired

the inductanced., = Z,l,/v, and the capacitanceS, = bandwidth fzw is given by

l,/v,2,. Similarly, the drain-circuit series lines of characteris-

tic impedanceZ,;, phase velocity,, and length,; are modeled 47r2fBW2NanQC§SmZO ~ 1. @)

as Ly, = Zgly/vq and Cy = ly/vaZg, while the drain series

stubs are modeled as capacitan€g&s = b /Ustub Zstub - Beyond V,,.x, the transistors do not contribute to the output

Using the simplifiedLC representation, Fig. 4 shows thevoltage as the driving gate voltage is small. From the drain
TWA small-signal equivalent circuit. Both the gate and drailine losses, the voltage due to the first stage is attenuated by
synthetic lines will be designed for characteristic impedanes (N—1/2)2¢ at the output. Setting the total drain line losses
Zo, 9., Zo.y = Zo.a = Zo. The gate (input) and drainto ¢~*/2 ~ —4 dB, the maximum number of transista&, .
(output) transmission lines are terminated with the synthetis- thus given by
line characteristic impedanc®, term = £4, term = Zo, and

the generator and load impedances are both equé}t€’y;, NimaxZo/2r4s = 1. (8)
is the gate-line division capacitor amd is the capacitive-
division ratio If there are more stages thaW,.x, the output of the first
transistor is severely attenuated and does not contribute signifi-
M = Caiv/(Caiv + Cys). (3)  cantly to the output voltage. Using (6)—(8), the gain—bandwidth
The caseM = 1 corresponds to a TWA without capacitiveprOOIUCt is given by
division. Cy,., the stub capacitance, is introduced to adjust the o —
d p J A'vaVV = grn/27rcgs Tds /471 = fmax- (9)

drain-line per-section dela¥y,. In design,7,; is made equal
to the gate-line per-section deldy, e.g.,7, = 173 = 1. This

results in the drain currents of th% HEMT’s collectively The maximum TWA gain-bandwidth product is equal to the

L - transistor f,.x. In this analysis, transmission line skin-effect

adding in-phase a}t the amplifier output. L and radiation losses have been neglected. It is important to
For the gate line, the loaded characteristic |mpedanﬁ,§0te that (7) and (8) can only be simultaneously satisfied if

per-section delay, Bragg cutoff frequency, and per'Secn%'.::{pacitive-division is used. Consequently, without capacitive

attenuation are division, the TWA gain—bandwidth product falls belofy,,.

Zo.q =0 = \/Lg/(Cg + MC,,) Higher TWA gains at a given design bandwidth are obtained
using cascode cells. As a consequence of its high output
Ty =T =/Ly(Cy + MCy,) impedance, the power gain of a cascode pair is considerably
higher than for a common-source stage. Fig. 5 compares

IB,g =1/m\/Ly(Cy + MClys) the maximum available gain (MAG) and maximum stable
o :47r2f2M20g2J7;Z0/2. (4) gain (MSG) of cascode and common-source gains for the

specific HEMT'’s used in this work. The output impedance
Similarly for the drain line, the loaded characteristiof the cascode pair is very high4[1 + ¢,.74s] at moderate
impedance, per-section delay, Bragg cutoff frequency, afréquencies), and in a first analysis drain-line losses can then
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Fig. 6. Schematic circuit diagram of the cascode capacitive-division travélig. 8. Simulated gain-frequency characteristics of the two traveling-wave
ing-wave amplifier. amplifiers.

be neglected. With this assumption, the following desighig. 1(b) and is given approximately by
equations can be derived:
_ { Tas(1 4 gm7ds), for w « 1/C s (12)
ay = Ar2 FEM2Cy % Z, )2 T\ s + GmTas [ jwCys,  fOr w > 1/Cyuras.
g =0 This Z, Out contributes to drain-line losses, witly; ~
Ay = = NMgnZo/2 (f/f-)}(Zs/2r4s), as per earlier analysis. In the idealized case
47r2fBW2NmaXM20gS2riZo ~1. (10) where drain-line transistoZ,,; losses dominate, a detailed
analysis shows that the TWA gain can approach the maximum
Examining the gain—bandwidth product for this amplifier wavailable gain of the cascode cell. However, generally;
obtain for the cascode is sufficiently high that drain-line losses due
to the cascode output impedance are much smaller than the
A,UfBW2 = [ /4T MCyyr;. (11) drain-line skin-effect losses and can therefore be neglected.
The TWA gain is then smaller than the cascode MAG.

From (11) it appears that the gain—bandwidth product canFor high bandwidths and high capacitive-division ratios
be increased arbitrarily to very high values by using aggressiflewer ), the transistor area becomes larger, the per-section
capacitive-division (smallef). This conclusion results from length of transmission lines decreases, and the number of cells
neglecting the cascode output conductance and is misleadingreases. This causes two difficulties. First, there may be a
The amplifier gain is ultimately limited by the maximum availphysical layout problem because of the increased transistor
able power gain of the cascode cell at any given frequen®izes and reduced transmission line lengths. Second, as the
This is not evident from the above analysis because the outpumber of cells increases, transmission-line skin-effect losses
impedance of a cascode cell484;(1 + g,,,74s) Only at low may limit the attainable gain from the amplifier. The skin-
frequencies, and an accurate drain line loss analysis is queféect losses also need to be reduced. If a coplanar waveguide
complex. The frequency dependent output impedance of thwéh a raised center conductor [5], [6] is used, both these
cascode can be derived by nodal analysis using the modelddficulties are addressed.
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Fig. 10. Measured forward gaisp; of the two amplifiers.

Fig. 12. Measured forward gaisy; for a TWA with 0.33:1 capacitive
division and increased HEMTF .

0 L1 | N TR B T l" —
i N n 2 [ and obtain high gain—bandwidth products. The gate and drain
-10—:'-\ . .\ y A ! » - tran;missic_)n lines are comprised o.f ?5ecoplanar waveguide
o "«‘.‘."n" e e : sections with center conductors raisegi off the substrate
%20 TP - (Fig. 7). These lines have a measured velocity of 1x780°
o 12 r m/s and a measured attenuation of 0.22 dB/mm at 20 GHz,
"’;30.: C increasing as the square root of frequency [6]. The drain line
o [ has a short 9@ transmission line section for delay matching
40 F between the gate and drain lin€%;, is the division capacitor
] r at the input of the common-source transistél,,, a small
.50 3 — Qamping resistor in the gate; .of the common-gatt_e'transistor, is
0 50 100 150 o00  Inserted to provide unconditional amplifier stabiliti,, ic;m
frequency, GHz is the 502 gate termination resistofy (e, the drain ter-
mination resistor, and the drain bias are connected through an
Fig. 11. Measured input return loss; , output return losssy2, and reverse

s L et off-chip bias tee. This was done because an on-chip resistor
isolation s; 2 of the amplifier with 11 cells. . . ; .
did not have enough current capacity to withstand the drain
bias current. The two gate bias connections are also shown.

Two amplifiers were designed. The first amplifier had 11
Using capacitive-division, cascode HEMT cells and coplaascode cells with a capacitive division ratio of 0.33:1. The

nar waveguides with raised center conductors, two amplifissnulated gain and bandwidth were 7 dB and 210 GHz,
were designed. Fig. 6 shows the circuit diagram. Cascodespectively. The second amplifier had eight cells and a
HEMT's Q1 and Q2 are used to reduce drain line lossesapacitive-division ratio of 0.5: 1. For this amplifier, the simu-

lll. CIRcUIT DESIGN AND FABRICATION
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Fig. 13. Interstage ac coupling networks for extended low-frequency response.

lated gain and bandwidth are 10 dB and 140 GHz, respectivefygin and a 180-GHz high-frequency cutoff. As amplifier bias
Fig. 8 shows the two simulations together with the cascodis-varied, there is evidence of potential instability at 190 GHz.
cell MAG/MSG. The MAG/MSG of a single transistor is We close with a comment on TWA applications. If TWA’s
also shown for comparison. As the figure indicates, the gaiee to be used in optical fiber links with standard nonreturn
damping resistor reduces the maximum cascode cell gain.to zero (NRZ) line coding, the low frequency response must
The designs were implemented in a Quir gate length In- extend to a frequency10° : 1 smaller than the bit rate. Despite
GaAs/InAlAs HEMT MMIC technology [9]. Typically, these capacitive coupling, extended low-frequency response can be
HEMT'’s have fi.x = 300 GHz and f. = 160 GHz. Fig. 9 obtained in capacitive-division TWA'’s using the bias network
shows a photomicrograph of the fabricated chip with 11 cellsf Fig. 13. Here, interstage dc blocking is provided by the
The die size is about 2.2 mm 1 mm. (small) division capacito€y;,. A low-frequency cutoff of~1
MHZz (fiow ~ 1/7R,NC,,) can be obtained using a large dc
bias resistork, ~ 1 MQ. With large values off,, dc bias
errors will arise due to the HEMT gate leakage current. This

The amplifiers were tested on-wafer using commercial nefan be suppressed by a closed-loop source/sense arrangement
work analyzers from 0.045-50 GHz and 75-110 GHz. Beyor@ging an op amp integrator_

110 GHz, we used in-house on-wafer network analysis based
upon active probes [10]. Fig. 10 shows the measured forward V. CONCLUSIONS

gain so; of the amplifiers. For the amplifier with 11 cells, the . . :
"y -y : We have designed and fabricated TWA’'s having 1-112
3-dB bandwidth is 157 GH dth mi$ dB. Th ht-
anawicth 1 Z and fe gai ©el9N™ 12 bandwidth with 7-dB gain and 1-157 GHz bandwidth

cell amplifier has 112 GHz bandwidth and 7-10 dB gain witﬁ_ ) . o o

a positive gain slope. The positive gain slope indicates that th 5 dB gain. A th'fd amplifier ?Xh'b'teq a 180'GH.Z

ditional cells could have been added to this amplifier to obta gh frequgncy cutoff with a 5-dB gain. Appllcatloqs are n

higher gain with a flatter response. The low frequency cutoﬁ‘Yg'deband instruments and in very high bit-rate fiber-optic

about 1 GHz and is determined by the gate bias networks anpems.

by the output capacitor. Fig. 11 shows the input return loss

s11, the output return loss;», and the reverse isolation of

the amplifier. The amplifier output return loss, shows many  The authors would like to acknowledge the support of P.

resonances because of the off-chip drain-line termination. Greiling of Hughes Research Laboratories and M. Delaney of
The measured amplifier gains and bandwidths shown lfughes Space and Communications Company for this work.

Fig. 10 are lower than the design values because of low valudsey would like to thank R. Pullela of UCSB and L. Samoska

of HEMT f, (~110 GHz) on the tested wafer. Recently, and T. Gaier of JPL for helping with on-wafer millimeter-wave

second process lot of amplifiers has been fabricated ametwork measurements.
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