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Monolithic MESFET Distributed Baluns
Based on the Distributed Amplifier
Gate-Line Termination Technique

Atiqul H. Baree, Student Member, IEEEand lan D. Robertson

Abstract—The principles of the distributed amplifier are ap- technique employs pairs of FET's connected in a common-
plied to realize wide-band monolithic distributed baluns. The gate common-source configuration and so has an ultimate

technique reported here is based on using the gate-line “termi- 1,5 4qyidth limitation because the common-gate FET’s cause
nation” of a distributed amplifier topology as the noninverting hiah att fi | the i £l

output and the inherent phase inversion property of the metal- very I.g attenuation a°“9 e mpg Ine. .
semiconductor field-effect transistor (MESFET) to provide the In this paper, an alternative traveling wave technique based

antiphase output from the drain-line. Closed-form expressions on the principles of the distributed amplifier [8]-[11] is re-
are derived for the two output voltage signals and their respective ported. In the distributed amplifier, the gain-bandwidth product
power gains. The theoretical performance of the balun is then ex- is increased by paralleling several FET’s without paralleling
amined as a function of the important MESFET parameters and heir i . h hievi .
other circuit parameters. Some practical design considerations M€l INPUt or output capacitances, thus achieving operation
are given followed by the measured results of two monolithic OVer extremely wide bandwidths. The basis of this reported
prototypes. The first is a basic two-section balun, while the second technique is to exploit the distributed amplifier topology and
employs a four-section balun with a three-stage positive gain slope yse the normally terminated gate-line as a noninverting balun

preamplifier to compensate for the increase in gate-line loss with ; ; ; r ;
frequency. Balun operation over 0.5-20 GHz and 0.5-12 GHz has output. .The antiphase output is provided by the phase-inverting
properties of the MESFET.

been demonstrated for the two-section and four-section balun, ) o )
respectively. The design of the MESFET distributed balun involves a

careful choice of parameters such as the device, the number
of devices, and the parameters of the artificial transmission
lines. Starting with a theoretical analysis of the structure to
|. INTRODUCTION derive the power and phase relationships between the input
BALUNS are required in key microwave components sucynd outputs, the performance of the balun is then investigated

as balanced mixers, push-pull amplifiers, multipliers, arff a function of the important MESFET and circuit parameters.
We then provide some general design guidelines, followed by

iscussion on the measured performance of two monolithic
prototypes.

Index Terms—Balun, distributed amplifier, MESFET, MMIC.

phase shifters. The need for broad-band monolithic balu
is becoming ever greater as monolithic microwave integrat
circuit (MMIC) technology advances. A number of differen
methods have been employed to realize MMIC baluns. These

include: 1) planar transformer techniques [1], [2]; 2) Marchand I

baluns using multi-layer techniques [3]; 3) coplanar waveguide ) ] o
(CPW) to slotline transition baluns [4], [5]; and recently 4) a Fig. 1 shows the schematic representation of the distributed

technique using simple RF reflection and coupling principld@lun. The gate and drain impedances of the FET's are
[6]. However, since all these techniques use transmission lfRSorbed into lossy artificial transmission lines, designated as
concepts, they have a bandwidth limitation at low frequend()€ gate and drain transmission linég, and L4, respectively.

because on MMIC’s they cannot be made large enough fbR€ inductor connecting the MESFET to the drain output
good low frequency operation. transmission lines is designated;; and assumed zero to

For MMIC applications, active baluns using the travelinjimp“fy the analysis. Coupling between the two transmission

wave-matching technique have the potential of providin§!€S iS provided by the device transconductapge
good wide-band performance without consuming too muchWe Wwill assume the simple unilateral MESFET model
expensive circuit area. The traveling wave technigue for baluplgoWn in Fig. 2., is the gate-to-channel capacitaneg,

has been demonstrated by Pawb al. [7]; however, their IS the gate input resistance, ant, and Ry, are the drain-
to-source capacitance and resistance, respectively. With this

common-source MESFET model, the equivalent gate and drain
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Fig. 1. Schematic of the distributed active balun.
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Fig. 2. Simplified MESFET model. Fig. 4. Constanf: (a) gate-line section and (b) drain-line section.
Lg2z L Lge Lg2 Lge for ann section balun is given by
- 7 o
. Vgoutn = %AZPPAZPESC (n=L)v (1)
Es - ngs Zog Vgoutn Zog + ?
_ T where~, is the propagation function per sectiak,, is also
the image impedance and
(@) A
Dgp=—22 )
L L Zy
Lo Z, + =
dez Z
od ==
- Rds Vdoutn Zp + 2
. Azpp =7 @)
dsn 1
- - Zp + ? + Zog
(b) with
Fig. 3. (a) Equivalent gate transmission line. (b) Equivalent drain transmis- Zo Z.. + é
sion line. 2\ “og 2
Zp= (4)

9gm Vgs into the drain-line, the phase of which is determined o o ) )
by the MESFET and circuit parameter values. The current fro,m,CO"'S"je”ng the consta@tdram-lme section of Fig. 4(b),
each generator flows in both directions with phase constdht® shown in the Appendix that

B4 per section. Reverse traveling waves are absorbed in the Ly = NIy (5)
reverse drain-line termination, while by proper selection of

the MESFET and circuit parameters the phase velocities WHere

the gate- and drain-lines can be made to be equal and so add A= Zy ©6)
in the forward direction as they arrive at the drain lagg;. 4 224+ Z3)2+ Zog
Balun operation is achieved if the two signals appearing acrossh’b’ ....I, are the current generators given By —

th(le gatT ant;l dra||£1_ Iozdi arehmg_de .Equag Enld ant|phase. 90V Cos1: Iy = gmVogszs 1 In = gmVegen. Then, since
tis clear from Fig. 3 that the distributed balun is ?Omposeﬁjperposition applies, the total forward current in the drain
of two constante gate- and drain-lines (as shown in Fig. 4)g54 Z,q IS given by

which have different cutoff frequencies and attenuation charac- . )

teristics. Considering the gate-line first, it can easily be shown Ligutn =Igre™ "D 4 gy e~ (=2

that the total voltage appearing across the gate-line lgad + Iyge= (v o @)
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Thus, the total voltage acrogs,y can be shown to be given FREQUENCY /GHZ
by 02t 6 8 10 12 14 16 18 20
‘/doutn = _grnZodAdAZpAprAZCgsEs S
n Z
. Z A= (=) va—(r=1)v,} (8) Py
r=1 %
S
where w
'—
1 3 4
Ay, =— 9 -1
ZCgs 1+jwcg57)g ( )

@

FREQUENCY /GHZ
4 6 8 10 12 14 16 18 20

since the input power to the baluR; and the powerP,
delivered to a loadZ;, with current! flowing through it are

given, respectively, by 2
m
F, = Vol Re[Z,,] (10) §
! 2|Zog|2 o é rg=1Q
w0+ rg=7Q
and E rg = 13Q
=
P, = L|I1*Re[Z;]. (11) § ,
Then the available power gain of the gate-line and forwa@
drain-line can be shown to be given, respectively, by 2
2 2 4]
—Z09 —(n—1)v
Pyg = 7, Bzt ’ (12) (b)
Zoy + ? Fig. 5. Effect ofry on (a) Gate-line gain. (b) Forward drain-line gain for
5 n=2,C4 = 0.14 pF, Cys = 0.02 pF; Rds = 580 Q, gm = 0.0189,
n ] ] Ly = 0.1 nH,Ld = 0.7 nH.
ng =0m AdAZpAZ(}gS Z e{_(n—’l YYa—(r—1)vg} . (13)

r=1

factor in the performance of the balun. Fig. 5 shows the balun
[ll. EXAMINATION OF POWER AND PHASE RESPONSE power responses calculated using the derived expressions for

The derived analysis allows one to directly calculate tH9€ 9ate- and drain-line power gains (12) and (13). It shows
phase and power gain response of the balun and thus exanfil & low value of-, is crucial to maintaining a broad-band
the effect of the MESFET and circuit parameters on the bal@¢formance without high insertion loss. Fig. 5(b) shows that it
response. To demonstrate the validity of the analysis and fﬁé}llfﬂcult to obtain flat drain-line gain at low frequencies. This

effects of the more significant parameters, a basic transistyfound to be due to the FET output resistatg. By using
model withC,, = 0.14 pF,r, = 13 Q, Cy, = 0.02 pF, g,,, = @ device with highfzy, (3 k?) the low frequency gain can be

0.018 S and Ry, = 580 Q is assumed, although a practicaincreased and an extremely flat response can be achieved as
design would use modeled element values from a measuredS$twn in Fig. 6. Of course, such a higly, value may not be
of device parameters. It should be noted that at this stage, Bf@ctical, butin fact this poor drain-line gain flatness is mainly
primary objective is only to examine the effects of the mor@n artifact of the use of image terminations in the analysis and
significant parameters on the circuit response and no atteri§pfot found to be a problem in practice as we shall see later.
is made to design the circuit for optimum performance. The effect of increasing the number of sections,of the

By looking at the power response of the distributed balustributed balun is to increase the maximum forward drain-
first, one would intuitively expect the gate- and drain-linne gain. In order to maintain unity gain, the FET gate widths
attenuations to be the critical factors controlling the frequenéjust therefore be decreased (or the bias current reduced)
response of the distributed balun. For the distributed amplifiéh, order to lowerg,,. The result of adding more sections
Beyer et al. [9] have investigated the gate and drain-lin@nd lowering the gate widths is that the gate-line attenuation
attenuations as a function of the gate-circuit, drain-circuit, amgcreases significantly. As a result, there are some difficult
transmission line cutoff frequencies, and their results hati@deoffs to be addressed when considering the optimum
shown that the gate-line attenuation increases steadily withtmber of sections. Adding more sections could improve the
frequency and vanishes to zero in the low frequency limit; imput and output matching, for example, but one would need to
contrast, drain-line attenuation is more or less constant withmpensate for the increased gate-line loss when using a larger
frequency. Since the target gain of the balun is unity, the FEIimber of sections. The practical means of compensating for
gate widths are small and the drain-line attenuation can easits adverse effect are discussed in the next section. The phase
be compensated for by increasing the gate widths slightlgsponse is also a strong function of the number of sections
(higherg,,); however, the gate-line loss remains as the limitingecause any residual difference between the gate- and drain-
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2 4 6 8 10 12 14 16 18 20 ysed to terminate the transmission lines through an operating
FREQUENCY /GHZ frequency limit of 0.8, [12] (f. is the cutoff frequency of
Fig. 6. Effect of Ry, on forward drain-line gain fon = 2, r, = 13 ; the transmission lines) but these can only be real!zed_ using
Cye = 0.14 pF, Cgy = 0.02 pF, gm = 0.018 S, Lg = 0.1 nH, Ld = 0.7 lumped components and can consume valuable circuit area.
nH. The GEC-Marconi materials technology (GMMT) process
MESFET's, which are the MESFET'’s employed in the designs
n=1 considered in this paper, have a maximum operational band-
width of up to only 20 GHz while the’, of the lines is much
higher (about 85 GHz for the parameters set above). Thus, it is
the MESFET parameters that set the upper limit of operation
and one needs to consider whether the use ofrthderived
matching networks are necessary. It should be possible to use
simple 50} terminations and achieve the same results as for
the m-derived image terminations. To demonstrate this, we
show in Fig. 8 a comparison of the gate- and drain-line gains
using a practical constant- m-derived image terminating
network (withm = 0.6) and 502 terminations, both using
small-signal foundry models for the devices. It is clear that
2 4 6 8 10 12 14 16 18 20 close agreement is obtained over the operational bandwidth
of the MESFET while for frequencies exceeding this the
difference becomes far greater. A similar comparison of the
Fig. 7. Effect ofn on phase error fory, = 13 Q, Cys = 0.14 pF,  phase error (Fig. 9) shows the agreement to again be very
Cas = 0.02pr, Ras =580 Q1 gm = 0.018 S, Ly = 0.1nH, Ld =0.TnH. o150 only over the operational bandwidth of the MESFET.
The results suggest that, for the devices in consideration,
line propagation constants becomes more serious when timie can replace the image termination impedances with 50
signals travel along more sections. Fig. 7 shows the chan@eaerminations and we have taken advantage of this property
of ¢, (i.e., the phase error defined as the phase differentoedesign the baluns using 3@ terminations.
from 180 between the forward drain and gate outputs) as theThe design of the distributed balun involves the design
number of sectionsy, is changed. It is clear that the additiorof small-valued lumped inductors which are best realized in
of more sections deteriorates the phase performance of MBIIC’s using short lengths of high impedance microstrip
balun. Since an optimum number of sections is needed foves. For short length$l < A,/7) the inductancel and its
good amplitude response, practical means of compensatingdesociated end capacitaneégsre given, respectively, by [13]

PHASE ERROR (®ph) /DEGREES

FREQUENCY /GHZ

the increase inb,,;, with n is discussed in the next section. Zo orl
L~ —sin| — (14)

2 f Ag

IV. PRACTICAL DESIGN CONSIDERATIONS 4
an

An assumption inherent in this analysis is that the gate 1 I
and drain transmission lines be terminated with their im- ~—— tan | — (15)

27er0 )\g

age impedances. Since the image impedances are a function
of frequency and approaches infinity at cutoff, there is nwhere Z, is the characteristic impedance of the microstrip
physical combination of elements that can provide a propime, f is the frequency, and\, is the wavelength in the
termination at all frequencies. Distributed matching networkaicrostrip line. With computer-aided design, the end capac-
such as the consta&t-n-derived network, however, can beitances can easily be absorbed into the gate- and drain-lines
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ERAETR

by incorporating them in the design of the transmissio
lines. Ideally, a narrow track with higtlZ, is needed to
achieve high inductance with low parasitic capacitance. |
practice, however, the minimum track width is determine(
by fabrication limits (as the width may be too small to be
realizable), the excessive attenuation of narrow tracks, a
the dc current-carrying capacities as there will be excessi
electromigration of the metal as a result of the high curre
densities. The upper and lower limitsiofvill also be restricted
by geometrical considerations in the layout.

It is important in the balun design to have equal magnitud
and antiphase signals at the two gate and drain outputs. It
apparent from the simulations that the amplitude differeng
increases with frequency and also increases as the numbe
sections,n, is increased. If one is to employ the optimum
number of sections to obtain a broadband balun, some fo
of compensation is required to maintain equal gate and drain (b)
power outputs. Resistive attenuation on the drain-line WO%. 10. Photomicrographs of (a) two-section balun with no gate-line loss
lower the drain-line gain and so can potentially be used &@mpensation and (b) four-section balun with three-section positive gain slope
equanze for the two outputs. This does, however, have tR@amplifier to compensate for the increase in gate-line loss with frequency.
detrimental effect of a) poorer noise figure; b) more dc power
consumption; and c) reduction in the overall gain-bandwid@f microstrip transmission line at the gate-line output. The
product. A much simpler and better approach is to redyge Microstrip line has the effect of shifting the gate signal phase,
accordingly asn is increased (i.e, use smaller size FET’synore so at high frequencies. Thus, for a given number of
This alone, however, does not alleviate the prob|em of ga@ections, the microstrip line Iength can be optimized to shift the
and drain-line losses increasing with frequency. It is the gat@ate-line phase by the necessary amount to obtain the required
line loss that predominantly affects the gain in both gate- ad80” phase difference (Ophase error).
drain-lines, and by compensating for the gain-drop-off in the
gate-line with frequency, one can recover the gain flatness V. MEASURED PERFORMANCE
for both gate- and drain-line outputs. A gate-line preamplifier We present in this section the performance of two monolithic
designed with a positive gain slope is an effective meaasstributed baluns; the first employs only two sections with no
of compensating for the gain drop-off with frequency andate-line preamplifier, while the second employs a four-section
is the preferred approach to compensation since this has bagun with a three-section gain-error compensation preampli-
added advantage of better noise figure and an inherent revdise Both baluns utilize an optimized length of microstrip line
isolation (i.e., output to input isolation) due to tlg, of the at the gate-line output for phase-error compensation and use
preamplifier FET's. 502 terminations. The two-section balun was fabricated using

With regard to the phase error between the gate and dr#ie GMMT F20 (Caswell) Foundry process, which provides
outputs, we know that this increases with frequency amMdESFET operation up to 20 GHz, while the four-section balun
also with n. To compensate for this, one can use a sectiavas fabricated using the GMMT F14 Foundry process, which
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Fig. 11. Measured and simulated response of two-section balun. (a) Insertion
loss. (b) Phase error. high frequencies due te,. The second chip, which includes
, . the positive gain slope preamplifier, compensates for the gain
provides operation only up to 14 GHz. It was necessary {,n_off and exhibits a very flat response. If the F20 process
change processes as the circuits were on shared univergifg ;sed to fabricate this second chip, very flat operation
multiproject wafers and were not fabricated at the same tlﬁlﬁ) to 20 GHz would have been achieved. It must be said
In brief, both F14 and F20 processes are based UP@R: the increase in performance of the four-section balun is
direct ion-implantation into LEC semi-insulating GaA’s witha; e expense of increased power consumption since more
Ti/Pt/Au gate metallizations. A two-level metallization schemgeg gre employed in the design. The power consumptions
is employed and the metallization levels are separated by,a approximately 100 mW and 350 mW for the two-section
composite SiNi and polyimide dielectric layer substrates. Thg,q four-section design, respectively.
differences in the two processes are that process F20 USefhe measured port matches for the two-section and four-
0.5 um gate lengths and allows through GaA's via-holes; the, tion baluns are shown in Figs. 13 and 14, respectively,
F14 process allows no via-holes and uses 0.7 m MESFET 9fgije the noise figure measurements are shown in Fig. 15 for
lengths. The final die thickness is 20n for both processes. yhe two-section balun only. The noise figure at the gate-line
Photomicrographs of the two chips are shown in Fig. 10.  output (noninverted) is approximately equal to the gate-line
The measured power gain response and phase error forjla& a5 there is little contribution to the noise figure from the
two-section balun is shown in Fig. 11. As a comparison, the=1s The noise figure at the drain-line output is expected
simulated response for the ideal case using23@rminations 4 pe much better for the four-section balun because of the
is included in the same plot. The measured response Sh%’f’é—amplifier at the input.
ripples and is more lossy at high frequencies due to effects of
the nonideal test fixture. Fig. 12 shows the measured response
of the four-section balun. It can be seen that the maximum
phase error is 10 over the operational bandwidth of both We have presented in this paper the theoretical analysis
chips. We notice the significant improvement in the phase erramd practical design considerations of monolithic MESFET
of this technique over the alternate traveling wave techniqdéstributed baluns based on the distributed amplifier gate-line
presented in [7]. In [7], a phase error of B5° was measured termination technique. Having derived closed-form expres-
over 2-18 GHz. sions for the two output signals and their respective power
For the two-section balun, we observe that although tlgains, simulations have been performed to show the effect
insertion loss in the gate-line and drain-lines are almost MESFET and circuit parameters on the theoretical perfor-
identical over the operational bandwidth, this drops off ahance of the balun. The most critical factor in determining the

VI. CONCLUSION



194 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 2, FEBRUARY 1997

N
[=]
o

INPUT RETURN LOSS /DB
A o
o

0.1 10.1 20.1
FREQUENCY /GHZ

@

m
Q
0
1733
(o]
-
=
< non-inverted o/p
~ 0.0
g:J \\ I
5 200 A /7—‘“‘?‘\/ AYA
e - inverted o/p|
=]
o
0.1 101 201

FREQUENCY /GHZ
(b)

Fig. 13. Measured return loss of two-section balun. (a) Input. (b) OutputFig. 14.

gain response of the balun is the transmission-line attenuation,
with the gate-line typically being the dominant contributor
due to high parasitia-,. Low noise high electron mobility
transistors (HEMT) devices have a much lower and so
with the use of these devices one can expect very flat operation
over much greater bandwidths.

The measured results of two monolithic prototypes have
been presented and a comparison is made with the simu-
lated results for the two-section balun, with close agreement
obtained. Successful balun operation over 0.5-20 GHz has
been demonstrated for the two-section balun. A four-section
design has been realized with a positive gain-slope preamplifer

incorporated to compensate for the gate-line loss and provigg 15

a flat response; operation up to 12 GHz has been demonstrated
for this four-section balun. Both baluns described here have
utilized identical balun sections. The use of nonidentical sec-
tions would allow greater flexibility in the design procedure.

In particular, the gate and drain transmission line cutoff
frequencies can be optimized more flexibly to compensate
for the gate-line loss. Also the phase error can be corrected
at the individual stages, rather than using a single length of
microstrip line at the gate-line output.
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APPENDIX Fig. 16. Thevenin equivalent of the drain-line section.

Consider thecth drain-line section shown in Fig. 4(b). This

can be transformed to its Thevenin equivalent form as shownyt is clear from Fig. 16 that

in Fig. 16, where

I =1, - k. (A1)

I
Lo = Ek (A2)
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and also [8] E.L.Ginztonetal, “Distributed amplification, Proc. IRE,pp. 956—-969,
y Aug. 1948.
Lo — Var — Vk (A3) [9] J. B. Beyeret al,, “MESFET distributed amplifier design guide-lines,”
e — "7 IEEE Trans. Microwave Theory Techgl. 32, pp. 268-275, Mar. 1984.
- [10] Y. Ayasli et al, “A monolithic GaAs 1-13 GHz travelling-wave ampli-
fier,” IEEE Trans. Microwave Theory Teclol. 30, pp. 976-981, July
1982.
Var = Vk' (A4) [11] K. Niclas et al,, “On theory and performance of solid-state microwave
Zoa + — distributed amplifiers,1EEE Trans. Microwave Theory Techvol. 31,
2 pp. 447-456, June 1983.
. , I . . [12] G. L. Matthei, L. Young, and E. M. T. Jonedlicrowave Filters,
Rearranging (Al) fOt’[k and SUbSt'tUtmg Into (AZ) ylelds Impedance Matching Networks, and Coupling Structurddéew York:
I v/ McGraw-Hill, 1964. ) ) ) o )
k Lk (A5) [13] T. C. Edwards,Foundations for Microstrip Circuit Design2nd ed.
2 274

New York: Wiley, 1992.
Rearranging (A3) in terms o¥},, and substituting (A4) in
the resulting expression and manipulating terms yields

—(2Zod + Z3)
2

Substituting (A6) into (A5) and manipulating terms yields
Lo = Agly, (A7)

Vi = Lak. (A6)
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