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A High-Performanc:e 2-18.5-GHz Distributed
Amplifier—Theory and Experiment

TOM MCKAY, MEMBER, IEEE, JOHN EISENBERG, MEMBER, 1EEE,
AND RALPH E. WILLIAMS, SENIOR MEMBER, IEEE

Abstract — A high-performance 2-18.5-GHz monolithic GaAs MESFET
distributed amplifier has been designed and fabricated. The distributed
amplifier is analyzed theoretically using a normalized transmission matrix
" approach, and a closed-form gain equation is presented for the MMIC
m-derived drain-line case. Theoretical predictions are compared to mea-
sured results and more complicated CAD models. The measured small-sig-
nal gain is typically 8.0+0.40 dB from 2-18.5 GHz at standard bias.
Typical input return loss is greater than 12 dB, and the output return loss
is greater than 15 dB. The saturated output power is in excess of 23 dBm
over most of the band, and the noise figure is less than 7.5 dB.

I. INTRODUCTION

HE DISTRIBUTED AMPLIFIER is based on the
principles of the artificial transmission line. Zobel
[1] first formalized the theory of these networks in 1924
using iterative impedance and propagation functions. The
idea of absorbing the input and output capacitance of an
active device into artificial transmission lines was first
implemented in vacuum-tube amplifiers by Percival [2] and
later by Ginzton et al. [3]. The MESFET distributed
amplifier has received much attention because of its ex-
treme broad-band behavior and relative ease of realization
in monolithic form.
Experimental results have been published for GaAs
- MMIC distributed amplifiers using m-derived drain-line
topology [4]-[6]. The m-derived artificial transmission-line
section has an inductor in series with a capacitor as its
shunt element. This is in contrast to the constant-k net-
work, which has only a shunt capacitor. The new theory
included in this paper leads to an expression for the gain
of a monolithic distributed amplifier with an m-derived
drain line taking into account the capacitance associated
with transmission-line inductors. The theory applies to a
general class of distributed amplifier with discrete sam-
pling points on the input line which couple to discrete
excitation points on the output line.

II. THEORY

A formulation for the distributed amplifier network
using a new normalized transmission matrix approach is
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‘ presented in this papér. The normal approach taken is the

ABCD matrix formalism [7]-[9], where total voltages and
currents are related. It is difficult to get a feel for reflec-
tions, coupling, and other phenomena best associated with
wave$ using an ABCD matrix approach. The normalized
transmission matrix approach has the advantage of clearly
displaying the traveling-wave nature of the distributed
amplifier, even when the input and output lines are con-
structed of lumped elements. The formalism applies to
distributed or lumped networks, but is most conveniently
applied to discrete sampling and excitation as opposed to
distributed sampling and excitation. This method can be
generalized to analyze amplifiers constructed of coupled
gate and drain lines, and nonuniform gate and drain lines.
The unilateral m-derived case will be presented here.

By normalizing the signals on the gate and drain lines to
the characteristic impedance of the lumped lines and then
writing a transmission matrix for the four-port unit cell, it
is possible to arrive at a simple expression for the signals
on the gate and drain lines. It will be shown how this
matrix equation can be reduced to an expression for S,; of
a distributed amplifier with an m-derived drain line.

Consider the case of a voltage-dependent current source
connected in parallel across a transmission line of char-
acteristic impedance Z,,. Normalizing the signals on the
input and output lines using the scattering formalism, the
wave quantities as shown in Fig. 1 are given by

Vbn

(1a)

(1b)

where V,,, i,,, Vs, and i,, are the total voltages and
currents at section n. The a denotes the input line (gate
line) and b denotes the output line (drain line).

Since the current will split equally in both directions
b, =by.1=—i/2Z, (2a)

i=8nVonD() (2b)
w = radian frequency

where D(w) is the ratio of the controlling voltage of the
voltage-controlled current source (VCCS) to the voltage at
the gate transmission-line node. For an FET, under un-
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Fig. 1. Voltage-controlled current source coupling two transmission

lines. The variables a, and b, represent incident and reflected waves on
the input (gate) and output (drain) lines, respectively.

ilateral assumptions
1
g = .
RCy

D(w)=¥, w

(2¢)
Substituting the expression for V,, into (1), we get

1
r:LJrl:—Eng(w)VZOaZOb(a: +a, ). (3)
Since gate signals propagate along the gate line unaffected

(4)
Incident signals on the drain line will superimpose on
those signals generated at the controlled source, such that

biy=H(a; +a;)+b; (52)

b, =H(a; +a,)+b;, (5b)

+ _ 4
a, =a,4

where

H= 2 8,D(0)(Zo.Z0r. ©

Using the normalized transmission matrix formalism

1 0 0 0
H 1 H 0
wn+1= O 0 1 0 wn (7)
-H 0 —-H 1
where
a+
b+
w,=| "
an
b,
Define [H | such that
wn+1’ = [H]wn (8)
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where the prime denotes the signal vector at the right side
of the controlled source before propagation through the
transmission networks, as shown in Fig. 2.

The matrix [H ] describes the coupling of the gate and
drain lines through the VCCS. We now transform the
vector w, through the section of transmission line which
connects the controlled sources together. The signals on
either side of the line section are related by attenuation
and phase functions. The relationship is succinctly written
as

Wor1™ [G]wn+1’ (93.)
where

[G] = diag {exp(—6,),exp(—6,),exp(4,),exp(6,)}.
(9b)

Note that the propagation constants §, and 4, are com-
plex. Now the subnetwork given by one VCCS and a
section of line is described by the product of [H ] and [G],
so that

Wor1=[T]w, (10a)

where
[T]=[G][H]. (10b)

Suppose we have a distributed amplifier with N
voltage-controlled current sources. Suppose also that we
have at the input side of this amplifier a set of incident
and reflected waves on the input and output lines, which
we will denote w,. The wave amplitudes at the output of
the amplifier are given by

wy=[T1"w,. (11a)

This expression relates the input at the first VCCS to the
output of the last whole section of input and output line.
This asymmetry appears because we have characterized the
lines in terms of the characteristic impedance that is pre-
sented to the VCCS. This is somewhat artificial because
one cannot in practice get a whole VCCS with only a
half-section shunt impedance, nor does one find whole
sections on the output of distributed amplifiers. To arrive
at the usual reference plane, one needs to rotate one
half-section back on the input and output lines of the
amplifier. The input vector is related to w, by

Win = [G—1/2] Wo (Hb)
and the output vector is related to wy by
Wout = [G—l/z] Wy (11c)

where
[G_1/2] = diag {exp(6,/2),exp (6, /2),
exp(—6,/2),exp(—0,/2)}. (11d)
Note that
[G_1,0] " = diag {exp(—0,/2).exp(~ 6,/2),
-exp(0,/2),exp(6,/2)}

= [Gl/Z] (1le)
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Fig. 2. Dustributed amplifier schematic showing reference plane definitions used to distinguish between the VCCS along and
the VCCS-transmission line section combination.
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Fig. 3. Complete distributed amplifier showing reference planes used in the transmission matrix analysis.

so that the input and output variables are related by the
following

Wout = [G—1/2][T]N[G1/2]win' (Hf)

The conventions used become apparent by referring to
Fig. 3.

The next step in the analysis is to apply boundary
conditions, which relate, for example, incident and re-
flected waves at the gate and drain line terminations. If we
assume matched conditions at the terminations, we have
that ay =0, by =0 and b; = 0. We also have that a, =0,
i=0,1,2,-- -, N; there is no reverse wave on the gate line.
Since we are interested in the gain of the amplifier which
will manifest itself strictly in forward-traveling drain sig-
nal, we can disregard the reverse propagating wave in
pursuit of a gain expression for the uniform unilateral
case. This is because the reverse-traveling wave propagates
toward the drain termination, where it is absorbed, and
none of it contributes to the gain of the uniform amplifier.
In the following simplified analysis, we will use the refer-
ence planes implied in (11a), and the reference shift will be

made in the last step. We have
+ +
TI =e—90[e(’d He:d] br; (12)
a, 1 0 e a,

where

and 0, and 6, are the propagation functions of the gate
and drain lines, respectively.

The matrix of (12) has the eigenvalues % and ¢ % and
associated eigenvectors

b — He%
all] =ay | 2sinh(6,) (13a)
| T ‘
- | He% ]
b, i
az] =ay 2sinh(4,) (13b)
- 1
L m

where a, is an arbitrary constant. Note that the eigenvec-
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tors satisfy the required boundary condition
by=b,+b,=0.

That is, there is no forward-traveling wave at the nonre-
flecting drain termination.
The signal at the output of N sections is given by

by = (N by + N¥b,,)e Mo

(14)

where A, and A,, are eigenvalues associated with the
eigenvectors. Rewriting (14), we get
b}  Hsinh(N8
_11:—._(__d)e—N0060d. (15)
a, sinh (4,)

Equation (15) relates the incident gate signal at the first
gate to the incident drain signal at the output of the last
full section of the drain line. As discussed above, the
reference plane for this expression is atypical; in a typical
realization, the input line signal suffers one more half-sec-
tion of phase shift than in (15) and the drain signal one
less half-section phase shift than (15). Therefore, multiply-
ing (15) by e~ yields an expression for S,, of the matched,
unilateral distributed amplifier

by  Hsinh (NG
Sy =—= ,'_(_dle—zvoo (16)
a, sinh (6,)

Equation (16) is exact under the assumptions of 1) un-
ilateral VCCS and 2) perfect match at input and output
lines.

Up to now, the analysis has been quite general; there
has been no need to specify the network that connects the
devices, that is, the interconnecting section elements. The
main characteristic of this description is that it applies to
discrete sampling and excitation. In order to apply this
theory to the case of the microwave distributed MESFET
amplifier, we specify the input and output lines to be
lumped and the input and output line generated from the
network shown in Fig. 4. The tee-section is shown in Fig, 4
because it embeds a whole transistor; however, it is the
pi-impedances that appear in the equation for H, so one
must be able to generate pi-sections from the network. To
do this, one need only bear in mind that the shunt element
of the tee-section is equivalent to the parallel combination
of two pi-section shunt elements. In order to apply the
above formulation to the MMIC m-derived case, we need
to find an equivalent circuit with the form of the network
shown in Fig. 1.

The input (gate) line fits the form of the input line
network of Fig. 1 without any modification; however, the
drain line need to be manipulated. To do this, we compute
a Thevinen and then a Norten equivalent, and the resulting
drain circuit is simplified to that of Fig. 5, where

Ly l
" T (o op, —40r/w) (7)

where
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Fig. 4. M-derived drain line and constant-k gate line distributed
amplifier section as realized in an MMIC. The parasitic C,, dis-
tinguishes the MMIC realization of the m-derived drain line from a
“pure” m-derived section.

Ld/2 Ld/2

2= (Ry/(1 + jWRGCy) + MLyl 1/GoCpyg)

Fig. 5. Transformed m-derived drain line section. When transformed to
this equivalent circuit, the network has the same form as in Fig. 1.

Substituting i/ for i in (6) results in a new expression

for H
e - gm\/ Z'lrgZ'rrd
- 2(1+ jw/wg)(1+ (x(jw/de — 40/ w?,

Here, Z,, and Z,, have been replaced by Z,, and Z,,,
the pi-section image impedances [1] of the gate and drain
lines in the equation for H.

In general, the normalized transadmittance is given by

H= _Tg’"\/zﬂgzﬂdpg(w) D, () (19)

where D, (w) is the gate voltage division term, and D,(w)
is the drain current division term. The pi-section character-
istic impedance of the drain line is computed using Z’
from Fig. 5. The expressions include loss in both the gate
and drain lines through the complex propagation constants
and through the complex pi-section image impedances.
The normalized transadmittance characterizes the forward
coupling between the input and output lines and describes
the gain mechanism per section.

For lumped-element, low-pass constant-k or low-pass
m-derived networks, |Z,| and |Z,,| are monotonically

7 (18)
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increasing in the passband; therefore, |H|is monotonically
increasing, which combats the monotonically decreasing
nature of |e~™). This is in contrast to a continuously
distributed traveling-wave transistor, in which the magni-
tude of the characteristic impedance will not increase as a
function of frequency.

The sinh[N(8,)/2]/sinh[8, /2] factor is related to the
phase coherence between the two lines and its impact as
the wave travels down N sections. The exponential factor
is simply the average total phase and attenuation a signal
must propagate through in getting from the input to the
output. When considering more complicated structures,
such as tapered or coupled lines, one may return to (10b)
and its derivation to determine the matrix [T ] on a per-sec-
tion basis. :

As far as interpreting the m-derived case, which is the
main thrust of this discussion, we see from (18) that the
gain expression has a complex pole given by the series
resonant frequency of the shunt branch and the drain
resistance reducing the Q of the resonance. Notice that the
parasitic capacitance C,, does not modify the resonance,
but reflects its presence in the drain propagation function
and the drain-line characteristic impedance only. This

capacitance, C,,, is typically on the same order as, if not

larger than, the output capacitance of the FET; so it
influences the behavior of the drain line considerably. This
will tend to make the line look somewhat like constant-k.
This is an important result, since a perfect m-derived line
has a phase function that follows the inverse tangent as a
. function of frequency, and the constant-k line follows an
inverse sine. The gate line is obviously constant-k; there-
fore, significant phase deviation might be expected be-
tween the gate and drain lines in an m-derived drain line
design, while in reality this effect is moderated by C,,. A
comparison of this theoretical expression with a more
complicated model will be shown later.

Equations (16) and (19) together form a general expres-
sion for a distributed amplifier built with voltage-con-
trolled current sources; this expression represents a con-
venient way to analyze otherwise arbitrary unilateral
structures. Other types of controlled sources, such as cur-
rent-controlled voltage sources or current-controlled cur-
rent sources, can be used to implement distributed ampli-
fiers as well as can be analyzed within this framework by
rederiving (2) and (3) for that case.

AMPLIFIER DESIGN AND COMPARISON WITH
THEORY

111.

The theory discussed above was not complete at the
time that the amplifier was designed, so a simple ap-
proximation and constant-k theory [10] were applied to
arrive at a prototype circuit. The method taken was to
choose the m-derived inductor length such that C,, /C, —
w’L,C,,=1 at the high end of the band. The lumped
elements so obtained were converted to transmission lines.
The model shown in Fig. 6. was fit to the measured FET
S-parameters. All device parameters except L, were scaled
with gate width to yield a model considered valid from
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rg=4/k Cog=.02k pF rd=3.8/k
Gate il Drain
—/ VWA i AAA
Cgs=0.3k pF am=
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Ri=4/k 350/k
T=3pS
rs=3,5/k
Ls=0.02nH
Source

Fig. 6. MESFET scaling model (not including pad parasitics). The
parameter k is the ratio of desired total gate periphery to 300 pm.

150 pm to 350 pm of total gate periphery. Above 350 pm,
gate resistance and the distributed nature of the gate
fingers degraded the model, while below 150 pm, intercon-
nection parasitics reduced its accuracy. Using this scaling
model, the prototype circuit was optimized to yield a flat
gain of nearly 7 dB and low terminal VSWR. Finally, a
square spiral inductor was added across the drain-line
termination to allow insertion of bias. The one-and-three-
quarters turn spiral was modeled using the work of Cahana
[11] as the interconnection of a coupled microstrip line and
a single microstrip line. Additional optimization using
SuperCompact yielded the final prototype circuit.

The prototype was converted to a large (400 X) layout.
The layout showed clearly where coupling would be a
problem (k <20 dB) as well as pointing out the large
number of microstrip bend, step, and tee junctions which
would be unavoidable in the final circuit. The layout was
carefully done to minimize the number of different discon-
tinuities preseut, thus simplifying the overall circuit model
and reducing the discontinuity modeling task significantly.
Bends and tees in the narrow lines were found to have
significant negative electrical length. Almost 1300 pm of

_line length had to be added to the prototype elements to

compensate for the bends and tee junctions alone. The
effect of coupling in the microstrip c-sections reduced the
inductance of these lines, requiring more line length to be
added. Situations that required a multiple coupled line
model were avoided since none was available to use for
design and optimization. The layout and complete circuit
model were iterated several times until adequate circuit
performance and consistent layout were obtained.

A sensitivity study was performed to assess the impact
of process variables such as MESFET C,, C,,, C,,,
R, R, g,,GaAs epitaxial sheet resistivity, and capacitor
dielectric thickness. Sensitivity to model variation was also
performed to determine sensitivity to errors in the bend
and spiral inductor models. The sensitivity analysis re-
vealed that FET g, and C,, were the most important
process-dependent parameters and that the amplifier was
relatively sensitive to the accuracy of the microstrip bend
model.

Equation (16) was evaluated using lumped elements
determined from y-parameters of the microstrip inductors
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Fig. 7. Theoretical versus more complicated CAD model. The analyti-
cal expression shows more gain across the band, which is mostly due to
the unilateral assumption of the theory. The low end rolloff in the
SuperCompact model is related to the drain termination, whereas the
slight tendency for rolloff in the theoretical expression is due to the
behavior of the image impedance of the drain line.

as modeled on SuperCompact. Transistor R,, C,,, R, and
C,, were determined from the full-complexity overall cir-
cuit model discussed above. The CAD model and the
analytical expression are compared in Fig. 7. The analytic
expression tends to be optimistic by a maximum of 2.1 dB.
It is our experience that the most significant omission in
the theoretical expression is the effect of the gate-to-drain
capacitance of the FET, and that this can account for most
of the observed error. Frequency dependence of elements
could account for some of the high-frequency discrepancy,
such as the early rolloff. The midband gain discrepancy is
 due most likely to the effects of the feedback capacitance
of the FET. Omissions such as microstrip loss are second-
order, but can be taken into account in (16). The frequency
dependence of the elements can be taken into account
easily in theory, although the improvement in accuracy
may not warrant the added complexity.

IV. DEVICE FABRICATION

The active layer on the GaAs wafers was prepared using
ion implantation of 29Si directly into low chromium doped
LEC substrates. The slices were annealed using the
proximity technique, in conjunction with arsenic overpres-
sure. The implant profile selected was a shallow, highly
doped “low-noise” profile (one of several standard profiles
available in the Texas Instruments GaAs Facility).

Device processing followed the normal production flow
used in TT’s Facility. Conventional contact photolithogra-
phy, using the well-known chlorobenzene technique [12] to
facilitate lift-off, was used in all masking steps except gate
fabrication, which uses e-beam lithography.

Device isolation was achieved using mesa etching. This
step also defines various GaAs resistors used on the MMIC.
Ohmic contacts were fabricated using alloyed AuGeNiAu.
Electron-beam lithography was next used to expose a
0.5-um gate pattern. Wet chemical etching was used to
“recess” the gate pattern down to a specified source—drain
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Fig. 8. TMMS85001 Distributed Amplifier. The chip dimensions are
0.093 by 0.064 in.

current, and the gates were metallized using TiPtAu. A -
TiAu “first metallization” was then' fabricated, forming
overlay metal (over ohmics), bottom capacitor plates, and
transmission lines.

A 2000-A layer of silicon nitride was applied using
plasma-enhanced chemical vapor deposition. This material
functions as the capacitor dielectric and also encapsulates
gate areas of FET’s. The top capacitor plates were formed
using TiAu.

After patterning and etching away unwanted dielectric,
the slices were plated using the conventional two-resist
approach [13], which-allows formation of air bridges. These
air bridges were used to interconnect FET source pads and
to connect top capacitor plates to adjacent metallization.
Bonding pads, transmission lines, and top capacitor plates
were also plated during this step.

At various times during the frontside processing, in-pro-
cess electrical tests were performed using computer-con-
trolled equipment. These measurements are made on test
patterns contained in plug bars located at five positions on
the slice. Such measurements ensure process integrity and
also serve to identify out-of-specification slices so that
these can be either reworked or scrapped before further
economic investment is made. A number of in-process
visual inspections were performed for similar reasons.

After frontside processing was complete, every chip on
the slice was electrically probed by computer-controlled
probers. This “autoprobe” dc data included saturation
current, transconductance, pinchoff voltage, breakdown
voltages of all FET’s, and other data such as resistor values
and capacitor integrity. The computer analyzed these data,
providing statistical summaries and maps of good chip
locations. ‘ -

The slices were next mounted frontside down on a glass
substrate for backside processing. After lapping the slice to
150 pm (0.006 in), the back was spun with resist and
patterned for via-hole etching using an infrared aligner to
align the via hole pattern to frontside alignment markers.
The via holes were then etched using reactive ion etching.
This technique (as opposed to wet chemical etching) yields
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Fig. 9. Measured small-signal gain for four devices from a single wafer. The incident power was approximately —10 dB. The

devices were biased at V; =5V, V,

o« = —1V; I, varied from 95 mA to 130 mA. The data shown are de-embedded from the

microstrip launchers and alumina fixturing, up to but not including the bond wire inductances using the TSD technique [14].
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Fig. 10. Measured input return loss. Incident power is approximately —10 dBm. Data are de-embedded from launchers and
alumina microstrip line. Data include effect of bond wires.

steep-walled via holes with minimal undercutting. The
backside was then metallized and plated, forming a plated
heat sink which also connects through the via holes to
frontside metallization (the scribe streets between chips
were not plated).

The slices were then transferred to a commercial,
stretchable tape for sawing and expanding. The expanding
operation retains the relative position of the chips. These
can be removed from the tape based on the autoprobe data

obtained earlier. These electrically good chips were then
visually inspected before release.

V. EXPERIMENTAL RESULTS

A picture of the amplifier is shown in Fig. 8. The device
measures 0.093 X 0.064 in. Bias current is fed into the drain
line through the large spiral inductor, shunting the resistive
drain termination. The gate bias is applied through the
gate-terminating resistor. Both points are bypassed to
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Fig. 12. Measured power saturation characteristic. Quiescent bias point was ¥, = 6.5V, V, = —1V, I, =142 mA.

ground through capacitors connected to via holes. The
active elements are four 189 X 0.5-pm interdigital
MESFET’s.

Measured results of gain and return loss from several
devices biased at —1 V on the gate of 5 V on the drain are
shown in Figs. 9-11. The typical I, was 273 mA/mm
and the pinchoff and breakdown voltages were approxi-
mately 2.5 V and 10 V, respectively. When the drain
voltage is increased to 6.5 V, the saturated output power
and 1-dB compressed power are as shown in Fig. 12. The
gain at saturation was 2.3 dB at midband and the 1-dB
compressed power gain is approximately 7 dB. The gain is

relatively insensitive to changes in drain voltage for volt-
ages above 5 V. A typical noise figure plot appears in
Fig. 13.

While designed primarily as a small gain signal stage,
the amplifier performs well in terms of output power and
noise figure. When placed in an evanescent waveguide, a
three-stage cascade provided gain of 22 dB+0.75 dB.

The experimental gain results are much higher than
modeled because the transconductances of the FET’s were
20 percent high.

A very high percentage of the devices that were tested to
be dc functional were also RF functional.
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VI. CONCLUSIONS

Theoretical results using a normalized transmission ma-
trix formulation for the distributed amplifier have been
developed. This technique yields insight into amiplifier
operation because it displays the traveling-wave nature of
the distributed amplifier. A gain expression for the com-
monly used m-derived topology has been derived as a
special case of this technique. The expression is compared
to a complex SuperCompact model of the amplifier and is
seen to be optimistic by approximately 23 percent at
midband. The error is due primarily to the unilateral
assumption. Further refinements of the theory will 1nclude
this effect.

The microstrip circuit design was found to e heav11y
dependent on available microstrip discontinuity and mi-
crostrip coupled line model accuracies. Several iterations
were necessary to arrive at a physically consistent design.

The MMIC’s are processed using ion implantation and
e-beam’ hthography for the 0.5-pm gates Good dc-to-RF
yield has been observed.

Experimental results show excellent gain and return loss
over 2-18.5 GHz with repeatable RF results.
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