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Abstract-An InAIAs/InGaAs-InP HBT CPW distributed am-

plifier (DA) with a 2-30 GHz l-dB bandwidth has been demon-

strated which benchmarks the widest bandwidth reported for
an HBT DA. The DA comb]nes a 100 GHz fmax and 60 GHz
tT HBT technology with a cascode coplanar waveguide DA

topology to achieve this record bandwidth.’ The cascode gain
cell offers 5-7 dB more available gain (MAG) than a common-

emitter, and is used to extend the amplifier’s upper frequency

performance. A coplanar waveguide design environment is used
to simplify the modeling and fabrication, as well as to reduce
the size of the amplifier. Novel active load terminations for

extendhtg the DA’s lower frequency response were separately

demonstrated. The active loads are capable of extending the lower
bandwidth performance by two decades resulting in performance

below 45 MHz. This work explores both design techniques and

technology capability which can be applied to other distributively
matched HBT circuits such as active baluns for mixers, active

combiners/dividers, and low dc power-broadband amplifiers.

I. INTRODUCTION

M MIC distributed amplifier design has been applied to

wideband power amplifiers and active power combin-

ers/dividers [1], [2], wideband switches [3], [4], active baluns

for mixers [5], [6], and wideband amplifiers for ultra high

speed electro-opticai communication [7], [8]. All of these

MMIC demonstrations have been based on either MESFET

or HEMT technology. Recently due to the advancement of

AIGaAs/GaAs HBT device and MMIC design technology,

HBT distributed amplifiers with wide bandwidth performance

have been demonstrated [9]–[12].

The first GaAs HBT distributed amplifier reported achieved

11 dB gain and a 6.5 GHz bandwidth (BW) [9], while a record

gain-bandwidth product of 84 GHz was achieved for a GaAs

HBT DA by employing input and output loss-compensation

techniques [11]. Until now, the widest bandwidth (1-dB)

recorded for an HBT DA was 22.5 GHz and had a nominal

gain of 10 dB [10]. This performance was accomplished

by utilizing a 2 x 3 matrix distributed amplifier topology

and employed an exponentially graded base doping profile

to reduce the HBT device input capacitance. In the work

presented in this article, we extend the upper l-dB band

edge response to 30 GHz by employing high performance
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InAIAs/InGaAs-InP HBT cascode devices in a coplanar wave-

guide distributed amplifier design. While an InAIAs/lnGaAs-

InP HBT cascode direct-coupled amplifier with a 33 GHz

3-dB bandwidth has been previously demonstrated [13], this

amplifier was limited to a practical bandwidth of 16 GHz due

to its poor input and output return-loss. On the other hand, the

HBT cascode distributed amplifier design can achieve good

broadband return-loss which is typically >13 dB across the

full band.

In a separate demonstration, the low frequency response of

the HBT cascode DA was extended below 45 MHz using novel

HBT active load transmission line terminations. Combined

with the 30 GHz upper frequency capability, a baseband

to millimeter-wave frequency HBT actively terminated DA

design topology results which can accommodate next gener-

ation ultra high data rate electro-optical communications at

millimeter-wave frequencies.

II. InAIAs/InGaAs HBT TECHNOLOGY

A similar I-#m fully self-aligned InAIAs/InGaAs HBT

process has previously been described in detail [14] along

with several MMIC demonstrations [15], [16], [17], [18], [19].

The InAIAs/IrtGaAs HBT device structures are grown using

solid source molecular beam epitaxy. Be and Si are used

as p- and n-type dopants for the base and emitter/collector,

respectively. The base-collector epitaxial structure consists of

a base thickness of 800 ~ uniformly doped to 3 x 1019 cm–3, a

7000 ~ thick n-type collector lightly doped to 1 x 1016 cm–3’

and an N+ sub-collector doped to 2 x 1019 cm–3. The

emitter structure incorporates an InGaAs/InAIAs cap which

is heavily doped for good emitter contact. The base-emitter

junction consists of a compositionally graded quarternary layer

of Inl ._X–v GaxAIVAs. Compositional base-emitter grading is

used to achieve uniformly consistent dc beta and V& matching

between devices, as well as for producing consistently repeat-

able device rf performance. The HBT dc beta across the wafers

are typically 20 at a JC = 10 kA/cm2. The breakdown voltage
BVC.O is % 11 V and the BV=~O is = 13 V.

A high performance fully self-aligned 1-pm emitter width

process is used to produce HBT’s with typical ~T and ~~..

(from MAG) of = 60 GHz and 100 GrHz, respectively. These

numbers were achieved from a 1 x 10 #m2 quad-emitter

0018–94S0/96$05.00 0 1996 IEEE



740 IEEE TRANSACITONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 44, NO. 5, MAY 1996

Fig. 1. Design topology of the five-section CPW HBT cascode DA.
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Fig. 2. HBT cascode gain cell

HBT biased at a current density of JC = 120 kA/cm2 and

a V.. = 2.0 V.

III. CPW HBT CASCODE DISTRIBUTED AMPLIFIER DESIGN

The design schematic of a five-section CPW HBT cascode

DA is given in Fig. 1. A CPW design environment was

used because it offers smaller chip size implementation, lower
parasitic ground inductance, and easier manufacturability be-

cause backside vias are not required. In addition, a CPW

design environment can minimize interline coupling between

transmission lines and proximity effects which simplifies the

circuit modeling at millimeter-wave. This last advantage is

especially attractive for millimeter-wave HBT DA’s because

the small inductive line lengths normally required to construct

a distributive network with the HBT’s high input capacitance

are sensitive to the close proximity of backside vias and

other microstrip components. Also, the high conductor loss

characteristic of CPW does not significantly impact the HBT

DA design because the losses of the HBT device usually

y

C11(lx4um2 SE) ‘d

—

Cascode with negative feedback

dominate the loss of the distributed transmission-line network

[12].

A cascode HBT gain cell is used as a wide band gain

block in the distributed amplifier design presented in this work.

The cascode device is chosen because of its high frequency

gain characteristics resulting from the elimination of Miller

capacitance multiplication which effectively reduces the gain-

bandwidth of conventional common-emitter based amplifiers.

The schematic of the HBT cascode gain cell which is used in

each section of the DA is given in Fig. 2. A common-emitter

transistor, Q1, is connected to a common-base transistor, Q2,

to form a cascode pair. Both Q1 and Q2 are 1 x 4 p,m2

single-emitter HBT’s nominally biased at an lCe = mA and

a V.. x 1.7 V. Fig. 3(a) shows the fT and f~aX performance

of a 1 x 4 ~m2 HBT plotted versus collector current, Ice. This

device achieves a peak j~ and fmaxof 46 GHz and 84 GHz,

respectively. The size of the HBT device and operating current

were chosen to maximize available gain and minimize input

capacitance. Fig. 3(b) and (c) give the small-signal hybrid-

m model of the 1 x 4 pmz single-emitter HBT biased at an
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Fig. 3. (a) .fT &d .f~ax versus Ic for a 1 x 4 pm2 HBT device, (b) equivalent circuit hybrid-r model, and (c) model parameters of the 1 x 4 pm2
HBT device biased at an Ice = 2 mA and ~~~ = 2 V.

1.. = 2 mA and VCe = 2 V. At this bias, the HBT has an

effective input capacitance of CT z 0.5 pF, a /3.C z 28, and

an $m.X R 75 GHz.
Because of the large gain provided by the cascode cell, it

is prone to being unstable. In order to maintain unconditional

stability, the cascode cell employs negative feedback. In the

cascode topology of Fig. 2, the base of transistor Q2 is biased

through a voltage divider provided by resistors RI and Rf b.

This resistive bias network also provides substantial negative

feedback at lower frequencies where the cascode topology is

prone to oscillate. The base of Q2 is also ac bypassed by

a series R-C network consisting of CbYpa~S and Rd. This

provides a modest amount of negative feedback at higher

frequencies. The superior G~M performance of the HBT

cascode cell compared to a conventional common-emitter HBT

is illustrated in Fig. 4(a). Even with negative feedback, the

cascode offers as much as 7 dB more available device gain

for frequencies above 20 GHz. The additional gain provided
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FM. 4, (a) Gmax performance of the cascode cell compared to a conventional common-emitter HBT, and (b) S1 1 of both the cascode and common-emitter,
and c) SZZ of bo~h cascode and common-emitter ga;n cells

by the cascode enables the HBT DA to extend its bandwidth

performance to 30 GHz. This results in an improvement

of 35% in gain-bandwidth product over the conventional

common-emitter HBT DA based on simulations.

The input and output scattering parameter characteristics,
Sll and S2Z, of both cascode and common-emitter HBT gain

cells are shown in Fig. 4(b) and (c). These Smith chart plots

indicate that the input impedance of the cascode is similar

to the common-emitter HBT; however, the output impedance

of the cascode is less 10SSYthan the conventional common-

emitter. This is due to the increase in output impedance

provided by the cascode which results in improved bandwidth

performance of the output distributed transmission line.

A microphotograph of the fabricated CPW cascode HBT

DA is shown in Fig. 5. The amplifier supply voltage is 5 V

and draws 33 mA of current. The total dc power consumed

by the MMIC is 165 mW. This microphotograph illustrates

how compact the transmission line networks are about each

of the 5 HBT cascode gain cells. Also shown is an enlarged

view of one of the HBT cascode gain cells. Had a microstrip

environment been used, a backside via would have been

required for each of the cascode gain cells and would have
made the input and output transmission-line networks almost

physically impossible to layout. The microstrip design would

have degraded the performance because of its sensitivity to

proximity effects, whereas the CPW design geometrically

confines the fields such that the proximity effects of adjacent

structures are lessened. Recently reported experimental data

supporting this claim have demonstrated as much as a 10 dB

improvement in isolation between arms of a SPDT switch

constructed using CPW compared to a microstrip approach

[20]. Thus, our CPW DA approach allows the design to be

more easily modeled without full EM analysis and results in

a simple compact layout of 1.8 x 1.2 mmz.
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Fig. 5. Microphotograph of the fabricated CPW cascode HBT DA. Chip

size is 1.8 x 1.2 mmz.

IV. EXTENDING THE LOWFREQUENCY

RESPONSEUSING HBT ACTIVE LOADS

Distributed amplifiers are known for achieving high upper-

band frequency performance by constructing artificial dis-

tributed transmission lines using the device’s parasitic input

and output capacitances. The DA topology results in band-

widths which often approach the device’s ~T. However, most

MMIC DA’s are normally limited to a lower band edge of

a few GHz. If the lower frequency limit can be extended,

the distributed amplifier could be used for other applications

such as ultra high data rate electro-optical communications as

suggested in a recent work [7]. Currently, the low frequency

limit is attributed to the dc blocking capacitors of the load

terminations and the ac coupling capacitors at the input and

output of the amplifier, both of which are often monolithically

integrated using MIM capacitors. The input and output ac

coupling capacitors in combination with the 50 Q system

impedance provide a high-pass pole whose frequency is given

by & = l/(2 T. RsYste~ “C’coupling). The dc blocking capacitors
of the input and output load terminations also form a pole

frequency below which the active load impedance increases

resulting in increased gain and reduction in return-loss perfor-

mance. In order to achieve lower frequency capability, large

values of metal-insulator-metal (MIM) capacitors are required

which may not be practical to realize on chip.

In order to extend the lower frequency response, the general
practice is to integrate large value off-chip discrete capacitors.

In some applications, the amplifier can be directly coupled

requiring no capacitors at either the input or output of the

amplifier. In this case, the integration of discrete off-chip ca-

pacitors are still required for the input and output transmission

line load terminations in order to extend the lower frequency

response. Often these discrete capacitors have self-resonances

which fall within the passband of the amplifier. The problem

may be compounded by the effects of wirebond parasitic in

combination with the discrete capacitor components. These

effects sometimes result in in-band resonances and gain rip-

ple due to standing-waves in either of the input or output

distributed transmission lines and are cumbersome to manage.

A convenient solution to extending the lower frequency

response is to incorporate active loads to terminate the input

and output transmission lines. Fig. 6 shows the proposed HBT

active load terminations integrated with the HBT distributed

amplifier discussed in the previous section. The active loads

consist of an HBT common-collector device (Q~6, QCC) which

transforms a shunt load capacitance (IC6L, C,--) on the base,

to an effectively larger load capacitance when looking into the

emitter. In this way an ac ground can be extended to lower

frequencies using active HBT’s without appreciably impacting

chip size and yield. Fig. 7 conceptually illustrates the HBT

active load impedance transformation. Fig. 7(a) gives the

active load which is comprised of bypass capacitor CL whose

impedance is transformed by HBT transistor QT. Resistor

Rd. is a base biasing resistor which is large ‘than 1 Kf2 and

can be ignored in the ac analysis of the circuit. Resistor RL

provides the resistive load termination in combination with the

emitter resistance of the HBT device. The equivalent circuit

and impedance, ZL (s), looking into the active load circuit is

further illustrated in Fig. 7(b). This figure shows that the load

impedance ZL (s) can be effectively modeled as a series R-

C network, where the C is approximately equal to the load

capacitance, CL, times the low frequency beta, /30, of transistor

QT. The real part consists of the dynamic resistance of the
device, lCT/(lC . q), in series with the emitter resistance, Re,

external load resistor, RL, and a base resistance term which

is divided by the low frequency beta. The low frequency

limit is determined by the pole frequency, f, = l/(27rRC).

The effective R is constrained to w 50 Q which is the

characteristic impedance of the distributed transmission lines.

The capacitance is limited to values which are practical to

integrate on a MMIC chip. The active load helps extend this

limit by effectively multiplying the capacitance value CL of

the monolithic capacitor by /?O. The low frequency ac beta

(~~) of the device is dependent on the current density through
the device. For the InGaAs HBT’s of this work, the /30 ranges

from 15–35. This means that the low frequency limit of the

HBT DA is improved by over an order of magnitude using

this technique. For example, in order to realize 150 pF of

capacitance, less than 10 pF of MIM capacitance needs to be

integrated. This corresponds to a significant savings in area,

not to mention an improvement in circuit yield which directly

impacts cost.

The active HBT load termination was employed in the

CPW cascode distributed amplifier design. Fig. 8 gives the
simulated load impedances of the base and collector active

load in comparison to conventional R-C transmission line load

terminations for a load capacitance CL = 10 pF. This figure

shows that the impedance of the conventional RC load is flat

from 40 GHz down to 1 GHz, where the impedance ramps

up very quickly. This is due to the 10 pF load capacitance.
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Fig. 7, (a) Active HBT transmission-line load termination. (b) Low frequency equivalent circuit model.

In comparison, the active HBT loads have impedances which

are generally constant from 40 GHz down to 1 MHz. This

illustrates the extended lower frequency response due to the

load capacitance multiplication of the active load. Fig. 9

illustrates the HBT DA simulated performance for both active

and passive load transmission line terminations. The gain of

the passive R-C terminated amplifier shows a pronounced gain

ramping which occurs below 1 GHz. A corresponding abrupt

degradation in return-loss also occurs at the same frequency

for the passive R-C terminated case. However, the gain of the

actively terminated amplifier shows much less gain ramping at

the lower frequencies and shows little or no effect on the low

frequency return-loss performance. The actively terminated

distributed amplifier demonstrates an improvement in gain and

return-loss performance which significantly extends the useful

frequency range of the amplifier.

A microphotograph of the fabricated actively terminated

CPW HBT cascode five-section distributed amplifier is given

in Fig. 10. Also shown is an enlarged view of the input HBT

active load termination which integrates 1 HBT and a few

resistors and metal-insulator-metal capacitors. The micropho-

tograph of the HBT DA illustrates that the size of the MMIC is

not significantly impacted by the integration of the active HBT

load terminations, even though the low frequency performance

is extended by a few decades in frequency.

V. MEASUREMENTS AND DISCUSSION

The original simulation performance of the HBT cascode

CPW DA is compared against the measured performance as

shown in Fig. 11. A 6.5 dB gain and 20 GHz 1-dB bandwidth

was measured while a 5 dB gain and 25 GHz bandwidth was

predicted. The measured return-losses are better than 13 dB

across most of the 240 GHz band. The discrepancy between

the original simulation and measured data is due to a difference

in performance between the HBT design model and the actual

fabricated devices. Because a cascode device is used for the
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Fig. 9. Simulated effects of both active and passive transmission line load
terminations on tbe HBT distributed amplifier performance.

gain cell, even a slight change in performance in the HBT’s

can result in a dramatic change in the amplifier’s bandwidth

response. When a new HBT design model is generated from

the more recent device s-parameters (taken from the same

site/wafer as the measured circuit data) and used in the

simulation, the distributed amplifier simulated gain is within

0.5 dB of the measured gain for frequencies up to 40 GHz,

shown in Fig. 12. The corresponding modeled input return-loss

also tracks the measured data. For frequencies above 20 GHz,

the input return-loss actually becomes much better than the

modeled by >5 dB. Fig. 13 also illustrates that the modeled

output return-loss tracks the measured data which is better than

15 dB across most of the band. Even the two resonances in the

output return-loss response match to within a few GHz when

comparing the modeled and measured response. Both Figs. 12

and 13 seem to reflect the accuracy of the LIBRA (4.0) CPW

models when the circuit is layed-out to minimize proximity,

radiation, and other parasitic effects.

Because the circuit simulation using the proper HBT device

model closely matches the measured circuit performance, it is

Fig. 10. Microphotograph of the fabricated actively terminated CPW HBT

cascode five-section distributed amplifier.

❑ dB(S21) + dG(Sll) O dB(Sll) x dB(S21)
Maas

10 ~~

-20

~~
o 10 30 40

Freque;’y (GHz)

Fig. 11. Original simulation versus the measured performance.

‘ straightforward to redesign the amplifier to obtain improved

bandwidth. The discrepancy between the original simulation

and the measured data has been attributed to differences in the

HBT device performance which is exaggerated by the cascode

topology as mentioned above. Since the HBT DA performance

has a gradual roll-off and seems to be very stable, the cascode

feedback cart be reduced to enhance the gain at the higher

band edge. This is illustrated in Fig. 14 which shows the

simulated gain and stability factor (K-factor) of the amplifier

versus cascode feedback resistor, Rfb. At the nominal value

of 300 Q, the amplifier response has % 22 GHz 1-dB B W and

is unconditionally stable. For increasing values of Rfb, the

upper band gain is significantly improved at the expense of

stability (K-factor). An Rfb of between 500–800 Q will yield

an unconditionally stable response with a 1-dB B W of %30-34
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GHz. Fig. 15 shows the measured response of this redesigned

HBT DA with an Rfb = 600 Q. The amplifier achieves a

nominal gain of 5 dB and a bandwidth of 30 GHz which is

close to the predicted bandwidth. This measured response is

believed to represent the highest bandwidth so far reported

for an HBT distributed amplifier. Furthermore, the redesigned

DA’s dc power consumption was reduced to only 125 mW

through a 5 V supply.

In a separate demonstration, HBT active load terminations

were integrated with the CPW DA in order to extend the lower

band edge. Fig. 16 shows the low frequency performance of

the actively terminated CPW HBT cascode amplifier. The

upper frequency response above 3 GHz is similar to that

obtained from the conventional RC terminated DA represented

in Figs. 12 and 13 and is omitted in Fig. 16 in order to

illustrate the detailed characteristics of the low frequency

response. Fig. 16 shows a gain of 5 dB all the way down to 45

MHz where the gain begins to increase. The input return-loss
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Fig. 14. Simulated gain and stability factor (A-factor) of the ampldier as
a function of various cascode feedback resistors, R +b = 300 Q, 500 Q, and

800
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2 4 .10

~,. “
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Frequency (GHz)

15, Measured response of the redesigned HBT DA with an

– 600 Q.—

is 12.5 dB at 3 GHz and begins to slowly degrade to <10 dB

at the lower band edge. The output return-loss is better than

12.5 dB all the way down to 45 MHz. In comparison to the

conventional RC terminated DA discussed above, the active

load terminations significantly extended the flat gain and good

return-loss response by at least two decades in frequency at

the lower band edge. During these measurements, there was

no evidence of any instability or gain ripple across the 45

MHz–30 GHz band due to the employment of the active loads.

The effects of the active load terminations on other parameters

such as noise figure and PI dB have not been characterized.

The impact on these performance parameters will be heavily

dependent on the bias of the active loads, and their design

implementation.

The combination of the active load terminations with the

CPW HBT cascode DA, results in an HBT distributed ampli-

fier design topology which is capable of achieving baseband to

millimeter-wave frequency performance. This demonstration

shows promise for millimeter-wave HBT digital communica-

tion systems.

VI. CONCLUSION

We have demonstrated a 2–30 GHz HBT distributed ampli-

fier which is believed to be the highest reported bandwidth for
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Fig. 16. Low frequency performance of the actively terminated CPW HBT
cascode amplifier.

an HBT DA. A five-section cascode DA topology based on an

InAIAs/InGaAs-InP HBT technology was used to achieve this

benchmark. A CPW design environment was implemented in

order to minimize interline coupling and proximity effects as

well as to simplify the DA’s fabrication. An HBT cascode with

negative feedback was used to achieve the record upper band

frequency response, while broadband active loads were used to

extend MMIC performance below 45 MHz. The cascode InP-

based HBT CPW DA demonstrates both design techniques

and technology capability which can be applied to other

millimeter-wave MMIC circuit functions such as active baluns

for mixers, active combinersldividers, and low dc power-

broadband amplification at millimeter-wave frequencies.
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