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Abstract In this paper, we analyze a distributed amplifier based on input/output attenuation
compensation. The analysis is carried out for a HEMT transistor; and a constant-k section filter is
used to calculate the amplifier’s characteristics such as attenuation factor, phase constant and gain.
The proposed design approach enables us to examine the tradeoff among the variables, which include
the type and the number of devices, and the impedance and cutoff frequency of the lines.
Consequently, we arrive at a design which gives the desired frequency response with significant
bandwidth enhancement of around 70% with about 10% increase in circuit size. The simulation
carried out by Advance Design System (ADS) software. Excellent agreement is shown when the
theoretically predicted response of a typical amplifier is compared with the result of the computer-
aided analysis (simulation).
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1. INTRODUCTION

amplification using discrete transistors

High speed digital communication systems require
very wide band amplifiers that are capable of
handling pulses with widths in the region of tens of
picoseconds. Distributed amplifiers offer a very
attractive option for satisfying this requirement,
and have been convincingly demonstrated in both
monolithic and hybrid solid-state amplifiers [1]-
[3]. The principle of distributed or traveling—wave
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technique whereby the gain-bandwidth product of
an amplifier may be increased. In this approach,
the input and output capacitances of the transistors
are combined with lumped inductors to form
artificial transmission lines. This principle is based
on neutralizing the bandwidth limiting effects of
active devices parasitic capacitances by making
them part of the artificial transmission lines that
link the active devices. In 1935, W. S. Percival
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Figure 1. Schematic of FET distributed amplifier.
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Figure 2. (a) Gate-transmission line and (b) Drain transmission line.
first demonstrated this concept [4]. The lines are implemented to increase the bandwidth of

coupled by the transconductances of the devices. In
a distributed amplifier, the signal is a decaying
wave on the input transmission line, and is
growing on the output transmission line. At low
frequencies, the decay rate is low on input line and
the growth rate is high on the output line; at high
frequencies, the reverse is true, leading to a lower
gain.

The topology of a distributed amplifier is
particularly appropriate for Monolithic Microwave
Integrated Circuits (MMICs), because its passive
circuit predominantly consists of inductors which
can be realized in the form of short length of
microstrip or coplanar waveguide (CPW) lines. In
this paper, we analyze the MESFET distributed
amplifier and concentrate on various loss
compensation techniques. These techniques are
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distributed amplifiers.

2. DISTRIBUTED AMPLIFIER ANALYSIS

A conventional distributed amplifiers (DA) circuit
consists of periodically spaced field effect
transistors (FETs), which are interconnected by
inductors which are realized by electrically short,
high impedance microstrip or coplanar waveguide
lines as depicted in Figure 1 [5]. A DA design may
be qualitatively described as a set of artificial input
and output lines coupled by FET transconductances.
One important point in the design of a DA is that

the line attenuation parameters, «, and «,,

control the gain and bandwidth. The input (gate)
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Figure 3. A T-section model of constant K filter.

and output (drain) lines of the DA (see Figure 1),
can be considered to be a cascade of constant-k
low pass filters shown in Figure 2. This figure also
demonstrates equivalent gate and drain

transmission lines. In Figure 2, R is the effective

input resistance between the gate and source
terminal, C,_ is the gate-to-source capacitance,

gs
R, and C, are the drain-to-source resistance and

capacitance, respectively, and g, is the

transconductance of the device. The lines are
assumed to be terminated in their image impedance
at both ends. The output current on the drain line
can be found by recognizing that each current
generator contributes waves of the form -
%Idkei“" in each direction where 7, =¢,V., and

v, is the voltage across the k" gate-source

capacitor, C, and y,=a,+jB; is the
propagation function on the drain line («, and 3,

are the attenuation and phase shift per section on
the drain line respectively). Therefore, the current
delivered to the load is expressed by

I :l e_%d [iy e*(N—k)w] (1)
0 2 gm ck

k=1
where N is the number of transistors in the
amplifier. 7, can be expressed in terms of the
voltage at the gate terminal of the £ FET as [6]:
~(2k-1)y, 1 2-jtan" (w/ »,)
Vo=t 2)
[+ ()12 - ()]
w o,

g
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where V. is the voltage at the input terminal

1

of the amplifier, and y, =a, +jB, is the

¢ and g,
are the attenuation and phase shift per section
on the gate line respectively). In Equation 2,

w, =1/ R, C, Is the gate-circuit corner frequency,

propagation function of the gate line («

and o, =2/,L,C is the cutoff

frequency of the lines.

For a constant-k type transmission line, the
phase velocity is a well-known function of the
cutoff frequency, f,, of the line. Because the gate
and drain must have the same cutoff frequency, the
phase velocities are constrained so that they are
equal (such that the phase delays on the gate and
drain lines are synchronized). Therefore we have
By =Bs=¢. From (1) and (2), [, can be

expressed as:

gs

inhr 2 ~N(ag+a,)12 —jNg-jtan ol w,)
ngismh[?(ad ~ay,)le agtag)l2 =~ iNg=] olo,

Iy=

2L+ ()7 12[- (2YIsinhL (- o, )]
@, o, 2

@)
To calculate the power gain of the amplifier, we
must calculate the image impedance of the gate
and drain line. Figure 3 illustrates the constant-k
equivalent of one section of the gate and drain
lines. The image impedance is calculated by the

following equation for a constant-k transmission
line [7]:

2, =\212,04 5 241;) o

where

Zy=jLew, Y, =1I(R, +1/ jC ) (5-a)
for the gate line and

Zy=jLyw, Y, =1/ Ry + jC 0 (5-b)

for the drain line. Substituting z; and Y, from (5)
into (4), we can calculate the image impedance for
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the gate and drain lines as follows:
1/2 2 . 1/2
Ziy =L 1C,) L~ (0l @) + j(w] @,)] (6-a)

Zy =(Lq /Cds)llz[l/{l"' (04 /0 )2} (6-b)

—(oa/oac)2 + j{(oy4 /co)+((o/oad)]1/2

The powers delivered to load and to the input of
the amplifier are given, respectively, by

1
F :§|Io|2 Re[Z,,] (7-a)

1
£ =5l Relr, ] (7-b)

In (6-b), w, =1/R,C, is drain-circuit corner
frequency. Substituting (3) and (6) into (7), the

power gain of the amplifier (Gzi) is found as
P

follows:

-N(a,ta,)

g2 R Ry sinh*[ (2, —a,)le
G 2

(8)

,

4[1+(§)2] [L- (2] sinhZ[%(ad ~a,)]
g c

where R, =./L,/C, and R, =,/L,/C, are the

characteristic resistances of the gate and drain lines
respectively.

Considering an equal termination input/output,
we calculate the voltage gain of a single amplifier
stage from (8) to be

. N ~N(ay+a,)l?2
gm(R,R)M? Sinh[~- (e — e, )le 4+

A:
AL+ (-2)21Y2 - (-2)?1V2 sinh [%(ad —a,)]
w

©)

As can be seen from (8) and (9), the frequency
response of the amplifier is a function of the gate

and drain lines attenuation factors, «, and a,.

From (9), it is obvious that by increasing the
number of transistors, N, the voltage gain does not
increase. There is an optimum number of N in
which the gain is maximum; this is obtained by
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differentiating (9) with respect to N. The optimum
number of devices which maximize the gain at a
given frequency is

7

In(—%)
N,, =— (10)

opt
P ad_ag

From (10), it is clear that in the presence of
attenuation, the gain of a distributed amplifier
cannot be increased indefinitely by adding devices.
This property of a distributed amplifier can be
easily explained. As the signal travels down the
gate line, each transistor receives less energy than
the previous one due to the attenuation on the gate
line. Similarly, the signal excited in the drain line
by a transistor is attenuated by the subsequent line
sections between it and the output port. Therefore,
additional transistors not only decrease the
excitation of the last device, but also increase the
overall attenuation on the drain line.

3. CALCULATION OF ATTANUATION ON
GATE AND DRAIN LINES

The expressions for the gate and drain line
attenuations can be derived from the propagation
function, y, for the constant-k line equivalent of
these lines as shown in Figure 3 which is given by

[7]:

Z
h if) =1+—1 11
cosh(a + jB) =1+ 22 (11)

Substituting Z, and Z, from (5-a) and (5-b) into
(11), we can calculate attenuation factor for the
gate and drain, respectively. If we assume that the
attenuations are small for both the gate and the
drain lines, the left hand side of (11) can be
expressed as

cosh(a + jB) =cos B+ jasin B (12)

in which we use cosha ~1 and sinha ~ «
because « is small. Substituting (5-a) and (5-b)
into (11) and equating the real and imaginary parts
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Figure 4. (a) Attenuation on gate line versus normalized frequency and (b) Attenuation on drain line versus normalized frequency.

of (12), we have

lw,)X?
ag _ (a)c a)g) k (13‘&)
I (@ [0,)2)x?
IB zcos’lﬂ (13_b)
g 1+ (ol 0,)?
w,; o,
a; =—2—% (14-a)
J1- X7
and
By =cos(1-2Xx}7) (14-b)

where X, =w/w, is the normalized frequency. To
attain a wide band amplifier, the variations of «,

and «,, with respect to the frequency must be
minimum as much as possible. Figure 4(a) and
Figure 4(b) depict the variations of these
attenuations versus frequency with o, /w,and
w,lo, as the parameters. These figures

demonstrate that the gate-line attenuation is more
sensitive to frequency than the drain-line
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attenuation. Also it can be seen that the attenuation
is dominated by the drain-line attenuation at low
frequencies and gate-line attenuation at high
frequencies. Moreover, (13-a) and (14-a) indicate
that the attenuation on the gate and drain lines can
be decreased by choosing devices that have high
o, and low o,. Figure 4(a) and Figure 4(b)

further show that the variation of the attenuations,
with respect to frequency is less when o, is high

and w, is low. It is evidence from (13-b) and (14-

b) that with a high @, (much greater than

amplifier bandwidth), p,=p, as we assumed

before. For example, for a typical 300- um

MESFET, f,=842 GHz and B=16.52 GHz,
16.52

W 24 2
max[(w—g) 1= (_84.2 )< <0.04.

4. ATTENUATION COMPENSATION AND
BANDWIDTH ENHANCEMENT

As we discussed in the previous section, to
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Figure 5. Schematic of a distributed amplifier with series capacitors at FET gate.
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Figure 6. Frequency response of four-stage distributed
amplifiers with and without series capacitors at FET gate.

decrease the attenuation we need to increase
wg,and decreasew,. To increasew,, we must

decrease R, and C,, and to decrease m, , we must
increase R, and C, . Increasing w, and decreasing

o, also increases the bandwidth of the amplifier
as shown in Figure 4(a) and Figure 4(b). R,is
reduced by introducing a series negative resistance
to the gate and R, is increased by adding a
parallel negative resistance to the drain. In other

hands, C,, can be decreased by adding a series
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capacitor to the gate and C, c an be increased by
adding a shunt capacitor to the drain.

4.1. Decreasing Gate-Line Attenuation by

Decreasing Cgs As we mentioned in section 4,

to decrease gate-line attenuation a series capacitor
must be connected to the gate. If a series capacitor,
C, (Cy=aC,), is connected to the gate as

depicted in Figure 5, the effective gate-source

capacitance  becomes ¢y, = “lch_, and the
s =1 Ce

effective gate-line corner frequency becomes

S

a)jo,z(1+1)a)g. Therefore, the  gate-line
a

attenuation, « decreases by a factor of

g 1
approximately % as shown by (13-a). The FET
a

can now be considered to be a modified device

having an effective transconductance of
g =%gm, and an effective capacitance of
a
a

Cl =——
& a+l

and drain lines of a distributed amplifier can be
also given by

Cy, . The cutoff frequency of the gate

_ 1 15
‘ﬁ_ﬂROC (1)

gs

for which R, is the gate or drain characteristic
resistance. In the presence of a series capacitor, the
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Figure 7. A FET with series feedback element Z , at the

source.

cutoff frequency becomes

o1 (16)
s R, Cy,

The bandwidth of the amplifier is proportional
to the cutoff frequency of the gate and drain lines.
Therefore, if the bandwidth, in the absence of the
series capacitor is B, and in the presence of the
series capacitor, is B', then we attain

B _fl_Co _q. 1 A7)

B_Z_C;S a

Therefore, by decreasing «, the bandwidth
increases. However because the effective
transconductance is reduced by a factor of _¢ i

a+
the gain will reduce by this factor and the gain
bandwidth product (GBP) will be unchanged. The
gain can be increased by connecting more FETS,
cascading amplifiers, or increasing the gate
periphery of the individual FETs as described in
[8].

Figure 6, illustrates the frequency response of
four-stage distributed amplifier with and without a
series capacitor connected to the gate and indicates
that the bandwidth is significantly increased by
connecting a series capacitor.

We can also see a comparison of the results of
the simulation. The analytical results are in good
agreement with the simulated results. The gain,
however, has decreased as mentioned in this
section. The large bandwidth enhancement is due
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to this fact that, by decreasing Cgs, both @, and

@, increase.

4.2. Decreasing Gate-Line Attenuation by

Decreasing Rgs To decrease the loss in the

input line, the gate-source resistance, R, , can also

g5
be reduced as mentioned in section 4. To decrease
this resistance, a series feedback needs to be
introduced into the FET circuit, which is an
impedance element that connects the source to the
ground. This is evident in Figure 7, in which the
series element Z, is introduced into the source

circuit. The magnitude and phase of Z, determine
the input loss. The input impedance of this
configuration is given by:

+Zf+ r8

Z, =R, +

in gs

(18)

jaC,, joCy,

The positive real part of Z, represents the

input loss. It is obvious that the inductive or
resistive component of Z, contributes to the loss,

whereas the capacitive Z,, yields an input

impedance, which has a real part that is less than
R, . In other words, the real part of the sum of the

last three terms of (18) is negative when Z, is

capacitive. This condition is easily satisfied when
Z, is a parallel RC combination with a time

constant of:

RC>Cylg, (19)

The effective input resistance and capacitance
of the transistor can be obtained from the real and
imaginary parts of (18) as follows:

R

"= +—(1- 20-a
gs gs 1+ (a)RC)Z ( q) ( )
and
' 1 Rgm RZCOZC 1
Cpy =[—+ 17 (20-b)

£ TCh  (1+0?R2CH)C, 1+ (wRC)?
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Figure 8. Frequency responses of four-stage distributed
amplifiers with and without series feedback element at the
FET source.

where ¢ =RC/(C,,/g,). The inequality in (19)

ensures that ¢g>1, and according to (20-a), the

transistor effective input resistance is less than R, ;

the effective R, of transistor is reduced. Figure 8
shows the frequency response of a typical
distributed amplifier for g=0 (uncompensated) and
¢=15 (compensated). We can see that the
bandwidth increases for g=1.5. The results of the
simulation are also shown for comparison. A good
agreement is evident between the analytical and
simulated responses.

4.3. Decreasing Drain-Line Attenuation by
Increasing R, Aswe have described in section
4, attenuation can also be decreased by decreasing
o, . This parameter is proportional to the inverse
of R, and C,. Therefore, to decrease w,, we
need to increase R, . Solid-state devices that have

an infinite resistance result in no attenuation and
no roll-off in the image impedance. The proposed
method is to increase the effective resistance by
means of a negative resistance. The parallel

combination of R, , and a negative resistance
slightly greater than R, in magnitude will produce

a large effective output resistance. The negative
resistance is implemented with an ideal negative
resistor. The modification of R, (by shunting a

negative resistance) allows for relatively constant
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Figure 9. A cascode amplifier configuration.

image impedance from a very low frequency to the
upper cutoff frequency of the amplifier. This
provides a superior impedance matching of the line
over the entire band. In this regard, the stability
consideration is a main issue and a proper design
should be carried out to prevent unstability, which
has been fully explained in excellent paper by
Deibele and Bayer [9].

A widely used circuit for introducing a negative
resistance into a drain is a cascode amplifier
depicted in Figure 9. This amplifier consists of a
combination of common source and common gate
FET transistors. The output transmission line is
connected to the drain of a common gate transistor
and the input line is connected to the gate of a
common source transistor. If the gate is terminated

with the impedance Z_ , it can be easily shown that
the impedance seen from the drain of the common
source transistor is [9]
Rds
¢« I+ jow, C,
Z [1+ jow, (R, +Z,)]
’ I+ jow, R, +Z,+Z,)

ngS
I+ joo,R,+Z +Z,)

Z

[1+

(21)

where Z_ is the impedance connected to the source.
In fact Z,and Z model the bias and termination

loads. Assuming g,, =|g,[e”’“ for which 7 is the
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transient time, it is obvious that the real part of the
second term in the bracket is negative if Z.is
highly reactive. At a very low frequency, assuming
Z, =—jX, , the real part of (21) can be simplified

N

as
Re(Z,) =R, (1-g,X,sinwr) (22)

For the case in which Z_ is infinite, (21) can be
written as

R, 1
Z,= : + — +R,+Z,
I+ jow, C, Jo,, 23)
ngds
jwa)gs [] + ja)mdSRdS]

As can be seen from (23), the only fifth term
has negative real value, which is equal to

ngds ngds (24)

Rel jwC 1+ jwC R ]]:_ @2
JOL ggl L+ JOL g Kgg ®,Cy [l+(a)7d)]

It is interesting to note that the first term of (21)
and (23) is the output impedance of a conventional
common source FET (Z,=0). In fact, the real part

of the drain impedance has been reduced by the
absolute value of the right-hand side of (24).
Figure 10 illustrates the frequency responses of a
conventional common source, and a cascade
distributed amplifiers. As can be seen from this
figure, bandwidth has been increased by using a
cascade amplifier. The results of simulation are
also shown for the comparison. Again the
analytical response is in a good agreement with the
simulated response. It should be noted that a high
transconductance transistors are required to
increase the effectiveness of the cascade
configuration, which is indicated by (24).

4.4. Attenuation Compensation in Input/
Output Lines for Bandwidth Enhancement
By using a combination of the above techniques
we can increases bandwidth considerably and
reduce the attenuation. Figure 11 depicts the
frequency responses of uncompensated and
compensated amplifiers (on both input/output
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lines). A considerable bandwidth enhancement
(around 70%) has been obtained by using
attenuation compensation techniques on both the
input/output lines. However due to the adding
capacitors to the gate of transistor and considering
the size of these capacitors, the total size of
designed amplifier increases by only 10%. The
frequency responses obtained by simulation are
also shown in this figure and again a good
agreement is evident between analytical and
simulated responses.

5. CONCLUSION

In this paper, we have developed an advanced
design technique based on attenuation compensation
on both the input and output lines of a P-HEMT
distributed amplifier. It is shown that a significant
bandwidth enhancement of 70% with about 10%
increase in circuit size can be obtained, when
attenuation compensation circuits are used in both
the input and output lines. The compensation
allows the use of a higher number of transistors in
amplifier configuration, which is a limited factor in
a conventional distributed amplifier. It is also
shown that, reducing Cgy has the most effect in
bandwidth enhancement.
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