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One- and Two-Stage Spatial Amplifiers
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Abstract—This paper reports the design of nine HEMT, one-
and two-stage spatial amplifiers which employ a common ground
plane for receiving and transmitting port isolation and for heat
sinking. By placing the spatial amplifier array in the near-field
of the transmitting and receiving horns, a net gain of 8 dB was
obtained. This paper also reports the first demonstration of a
two-stage spatial amplifier constructed by employing near-field
coupling of two single stage spatial amplifiers in free space.

I. INTRODUCTION

HE INCREASING demand for millimeter-wave commu-

nication and radar systems has lead to the need for solid
state amplifiers working at these frequencies. However, in
order to efficiently amplify electromagnetic waves at these
frequencies, conventional amplifier circuits must be modified
in order to reduce the losses in the guiding structures. This
can be achieved by coupling the waves into and out of the
amplifier through free space using radiating elements rather
than by conventional waveguide coupling. This approach has
lead to increased interest in the area of quasi-optical power
amplification [1]-[8]. Quasi-optical amplifiers essentially com-
bine the power of many active devices to exceed the power
handling capability of a single solid state device. The first
demonstration of a quasi-optical grid amplifier at 3.3 GHz
with a gain of 11 dB was reported in [1]. This circuit employs
an active grid placed between two orthogonal polarizers which
provide the necessary isolation between the input and output
ports and serve as tuning elements. Subsequently 16 and
100-element HBT loaded grid amplifiers were reported in
[2]. A quasi-optical amplifier based on an integrated horn
antenna is described in [3]. This design is uniplanar and
compatible with the fabrication process of HEMT transistors.
In [4] a quasi-optical power combining transmission amplifier
is presented. Antenna arrays, MESFET’s, bias and matching
circuitry are all contained on a single substrate. A focal
point feed that improved the power coupling efficiency was
demonstrated in [5]. In [6] folded slot antennas fed by coplanar
waveguides were used to improve the bandwidth and to obtain
a planar structure. Electromagnetic modeling of these grid
array amplifiers can be simplified by electrically isolating unit
cells from one another. This approach was demonstrated in [7]
where the unit cells were placed in a short section of square
waveguide.

In this paper we extend previously reported work [8] and
present the results for a narrowband, a broadband, and a two-
stage spatial amplifier. These amplifiers were constructed on
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double layer back-to-back microstrip circuits with a shared
ground plane. The continuous ground plane provides a very
effective input-output isolation. The ground plane also serves
as a heat sink. Furthermore, these circuits can be readily
incorporated into multistage spatial amplifiers. In this paper,
the results obtained from a two-stage quasi-optical amplifier
constructed through near-field coupling of two single stage
amplifiers are reported for the first time. The near-field cou-
pling between the stages is advantageous since one can design
multistage amplifiers with small interstage spacing (i.e., small
fraction of a wavelength). This facilitates the construction of
very compact multistage spatial amplifiers.

This paper begins with the discussion of the design method-
ology and experimental results obtained from fabricating a
narrowband spatial amplifier. Subsequently, the results ob-
tained from a broadband spatial amplifier are described. Finally
the experimental results from a two-stage amplifier constructed
through the coupling of two narrowband spatial amplifiers in
series is presented. The coupling between the two stages was
accomplished by placing the two stages in the near-field.

II. SINGLE STAGE SPATIAL AMPLIFIERS

A. A Narrowband Spatial Amplifier

To design a multiple device narrowband spatial amplifier, a
unit cell is constructed containing only one active device. Fig.
1(a) shows the schematic of a single device amplifier. The
active device used is a HEMT (Fuyjitsu FHX06LG) employed
in a common source configuration. In order to design the
input and output matching circuits the simultaneous conjugate
matched admittances are first determined. Open circuited stubs
are used to provide simultaneous conjugate matched suscep-
tances. These stubs effectively resonate the device admittances,
hence the admittances seen looking into the input and output
ports are purely real. These conductances are then matched
to the input and output microstrip antennas using quarter
wave transformers. Thus the simultaneous conjugate match
conditions are fulfilled.

The circuit layout for a 10 GHz unit cell constructed on
a double-layered microstrip structure is shown in Fig. 1(b).
To isolate the input and output microstrip antennas, the input
and output matching circuits and antennas are fabricated on
two separate microstrip circuits which are connected back-to-
back with shared ground planes. The two layers are connected
through a via hole. The lengths of the microstriplines L
and Ly connected to the input and output terminals of the
device are adjusted so that realizable matching circuits can be
obtained as described earlier. Suitable stubs and transformers
connected at the end of the microstriplines L; and L, provide
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Fig. 1. (a) Schematic of a single device amplifier. (b) Microstrip layout for
the unit cell used as a building block for development of a planar array of
amplifiers. The single device amplifier [Fig. 1(a)] is fabricated on two different
substrates placed back-to-back with shared ground planes.

the required conjugate matched admittances. This matching
approach was selected rather than conventional single stub
matching since the quarter wave transformers separate the
shunt stubs from the radiating edges of the patch antennas.
Hence, no additional lines are required to connect the antennas
to the matching circuit. The design was done using the
CAD tool Libra™ . By incorporating the frequency dependent
impedance of the patch antennas into the simulation program,
the amplifier’s stability was verified. The analysis predicted
stability problems from 1 to 2.5 GHz, and in fact the am-
plifier was stabilized by resistively loading the circuit at low
frequencies using a 10 ohm resistor placed along the gate bias
lines.

The unit cell was fabricated on 31 mil thick RT Duroid™
with ¢, = 2.3. The active device used is a Fujitsu
FHXO06FA/LG HEMT biased at Vds = 2 V, and Ids = 10
mA. The dimensions of the microstrip antennas used are 1.17
cm by 0.91 cm. The microstrip antennas were cross polarized
to facilitate the gain measurements. The circuit was biased
using high impedance lines connected to the center of the
nonradiating edges of microstrip antennas as shown in Fig.
1(b). The setup utilized to measure the spatial amplifier’s gain
is shown in Fig. 2(a) and (b). The gain of the spatial amplifier
can be calculated using the following equation derived from
Friis’s transmission formula [3]

P, r2rd 47\ ?
G==2 12 (22} g el 1
Pc (Tl +7,2)2 ( )\ ) in out, ( )

where r; and ro are the distances from the circuit to the
transmitting and the receiving horn antennas, respectively, and
) is the free space wavelength. Gy, and G, are the receiving
and transmitting microstrip antenna gains as a function of
frequency. P. is the power received by the receiving horn
when the two horns are cross polarized with the circuit placed
in the path between the two horns [Fig. 2(b)]. P is the power
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Fig. 2. Measurement setup used to determine the gain of spatial amplifiers.
(a) Calibration. The two horn antennas are co-polarized with the amplifier
removed from the path of the signal. (b) Gain measurement. The two horn
antennas are cross-polarized and the amplifier is placed in the path of the
signal.

received when the two horns are co-polarized with the circuit
removed from the path [Fig. 2(a)].

The maximum amplifier gain was measured at 10.4 GHz
to be 11.7 dB. The 3 dB bandwidth obtained was 0.25 GHz.
In this experiment the calculated directivity of the input and
output microstrip antennas as a function of frequency was
used to determine the gain and the bandwidth of the spatial
amplifier.

An alternate equation [1], developed for grid amplifiers as,
was also used as given below

2.2 2
G=f_mra (AN @)
Pc (T1+7'2)2 A

Here A is the physical area of the amplifier which can be
obtained by multiplying the unit cell area by the number of
unit cells used in a multiple device amplifier. ., P.,r1 and
r9 are similar to the parameters defined in (1). A gain of 10.7
dB was obtained by using this equation. Since the directivity
of the antennas used in the spatial amplifiers presented here
can readily be calculated, throughout the rest of this paper (1)
is used to determine the spatial amplifiers’ gain.

First, three unit cells were used to construct a 1x3 spatial
amplifier as outlined by the dashed lines in Fig. 3(a) and
(b). The inter element spacing was 0.67A. The bias circuit
consisted of high impedance lines connecting the centers of
the nonradiating edges of the patch antennas. A maximum
measured gain of G =10.4 dB was obtained at 10.04 GHz
from this circuit. It should be mentioned that the devices were
not selected for uniform characteristics. 10 Ohm resistors were
placed along the gate bias lines to stabilize the amplifier at
low frequencies.

Next, a 3x3 narrowband spatial amplifier was designed
as shown in Fig. 3(a) and (b). The inter element spacing
was chosen in order to obtain the maximum directivity from
the antenna arrays. This resulted in 0.67 x 0.75\ separation
between the array elements. The amplifier's gain was measured
to be G = 7.54 dB at 10.04 GHz with a bandwidth of 0.4
GHz. Fig. 4 shows the gain versus frequency plot for the 3x3
parrowband quasi-optical amplifier. This calculation takes into
account the variation of the array gain with frequency. Fig. 5
shows a close match between the theoretical and experimental
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Fig. 5. Theoretical and experimental H-plane patterns for a 33 narrowband
amplifier.

H-plane patterns. The E-plane pattern was also measured and
good agreement with the theoretically predicted pattern was
observed.

One can observe that the measured gain of the spatial
amplifiers described above dropped as the number of devices
in the array increased (i.e., 11.7 dB for the unit cell of the
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spatial amplifier, 10.3 dB for a 1x3 array and finally 7.54
dB for a 3x3 device amplifier). Several experiments were
performed to determine the cause of the gain deterioration.
First, the individual active device gains were measured by
placing the HEMT’s in the single transistor spatial amplifier
described previously. The gain of individual devices when
biased at the same point (Vds = 2 V, Vgs = — 04 V)
varied from 7.7 to 11.7 dB. Then, three HEMT’s with gains
of approximately 8.5 dB were placed in the 1x3 spatial
amplifier. The gain of this spatial amplifier was measured
to be 8.26 dB. Note that the measured gain for the 1x3
array for randomly selected devices was 10.3 dB. The above
measurements indicate that the individual device parameters
were different from one another.

This was also observed in the dc operating point of the
active devices. The drain current of the individual devices
biased at the same Vds and Vgs varied from 6 mA to 15
mA. The results from these experiments confirm that the
spatial amplifier gain variations can be attributed to differences
in devices characteristics. In monolithic fabrication of such
amplifiers this type of problem should not arise since the
active devices on a given wafer are expected to have similar
characteristics.

B. Near-Field Coupling to Receiving and Transmitting Horns

For some system applications it is important to have a
spatial amplifier with net system gain including any actual
internal 1/7? losses from the transmitting horn to the plane
of the spatial amplifier and from the spatial amplifier to
the receiving horn. The set up shown in Fig. 6 was used
to eliminate the 1/r? losses internal to the system. This
method has advantages over using lenses for focusing since
the latter requires finite separation between the receiving
and transmitting horns, the focusing lenses, and the spatial
amplifier. Thus the overall system size, using the near-field
coupling to horns, is reduced. The nine HEMT narrowband
amplifier was placed on the aperture of the receiving and
transmitting horns. The calibration procedure is shown in
Fig. 6(a). The insertion loss of the two horns plus coax
to waveguide adapters was 0.3 dB. The power measured
at the flange of the receiving hom was used to determine
the spatial amplifiers gain. Next, the two horns were cross-
polarized and the spatial amplifier was placed between them.
The spatial amplifier provided a maximum gain of 8 dB with
an input return loss of 6 dB at a frequency of 9.97 GHz.
As can be seen the gain of the amplifier is similar to the
free space gain measurement mentioned earlier. In order to
determine the power combining efficiency of the 9 HEMT
spatial amplifier the 1 dB compression point was measured.
The output power obtained at the 1 dB compression point
was 37.4 mW. Also the 1 dB compression point for a single
device amplifier was measured to be 10 mW. Therefore, the
power combining efficiency of the 9 HEMT spatial amplifier is
41.5%. The low combining efficiency can mainly be attributed
to the nonuniform power distribution across the input horn
aperture. This leads to a nonuniform excitation of the amplifier
unit cells. In this case the cells close to the center of the
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Fig. 6. Measurement setup used to determine amplifier’s net gain when it was
placed on the aperture of the receiving and transmitting horns. (a) Calibration.
The two hom antennas are co-polarized and share a common aperture. (b)
Measurement. The two horn antennas are cross-polarized and the amplifier is
placed between them.

horn aperture are excited with higher input power than the
cells close to the edges. One possible method of exciting the
amplifier cells uniformly, is to adjust the width of the patch
antennas such that the center devices have patches with smaller
widths and to increase the cell density at the center of the horn.
Another method is to load the horn antenna with dielectrically
filled slots to improve the amplitude uniformity [9], [10].

C. A Broadband Spatial Amplifier

Fig. 7(a) and (b) show the input and output layers of a
3x3 broadband quasi-optical amplifier. The design procedure
is similar to the one employed for the narrowband amplifier. In
order to increase the bandwidth, the input and output circuits
were matched at different frequencies. Libra™ optimization
routines were used to obtain maximum gain maintaining the
desired bandwidth of 1 GHz. It should be mentioned that the
increase in bandwidth was obtained at the expense of the gain.
Another difference between the narrowband circuit and the
broadband circuit is that, in the latter case, the stubs used to
supply the input and output conjugate matched susceptances
are connected to each other. Thus they can serve as bias lines
for the devices. Such a method of biasing is advantageous
since it eliminates the need for the accommodation of extra
bias lines.

This circuit was fabricated on a Duroid substrate using the
same Fujitsu HEMT devices. The input and output antennas
were cross polarized. as in the narrowband amplifier. The
devices were biased using a single power supply at Vpg =
2.1 V and total Ips = 105 mA. The amplifier’s gain was
determined using the procedure described previously (Fig. 2).
A maximum gain of G = 6.5 dB at a frequency of 10.9 GHz
with a 3 dB bandwidth of 1 .GHz was obtained. Fig. 8 shows
the gain versus frequency plot of the broadband amplifier. This
calculation takes into account the variation of the array gain
with frequency. A plot of the received power as a function of
frequency measured by a spectrum analyzer is also shown in
the same figure. The two curves have similar shapes. The 1
GHz bandwidth was deduced from the received power curve.
Fig. 9 shows the theoretical and experimental E-plane patterns.
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III. TWO-STAGE QUASI-OPTICAL AMPLIFIERS

A. Far-Field Interstage Coupling

In order to achieve higher amplification one can cascade
several quasi-optical amplifier layers. In this section the ex-
perimental observations made when two quasi-optical stages
were placed in the far-field of each other are presented.

A 3x3 narrowband quasi-optical amplifier with a gain of
7.54 dB was discussed previously. A second 3x3 narrowband
amplifier array was also fabricated with a gain of 7.34 dB at a
frequency of 10.04 GHz under the same bias conditions. These
two amplifier stages were placed in the far-fields of each other
(d > 2D?*/), where D is the largest linear dimension of the
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Fig. 9. Theoretical and experimental E-plane patterns for a 3x3 broadband
amplifier.
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Fig. 10. Mulustage spatial amplifier measurement setup. The stages are
placed in the farfield of one another. (a) Gain measurement (measurement
of Pr). (b) Calibration (measurement of P.).

circuit) as shown in Fig. 10. In order to determine the gain of
a cascaded spatial amplifier (1) and (2) were extended for the
general case of n cascaded stages

P rir 4 1
G1Go - G, = =n 12 (2R G
142 G Pc (7"1 +T2)2 A nl
n—1 9
- 4rd, )"
Goutn ( ]) (3)

-2 A2Gout Gin(it1)

J
P, r2r2 A 2

a G =t 172
1G2 n=% (AlAn)

2
1;[ j4 @

where G1,Go,--- .G, are the gains of the active devices
in stage 1, 2, ---,n, respectively, and Gi,, and Gy, are
the input and output antenna array gains for the jth stage,
respectively. n is the number of stages and the d,s are the
distances of separation between the stages. r1 and 7o are the
distances from the transmitting horn to the first stage and from
the receiving horn to the last stage, respectively. In (4) A4, is
the physical area of the jth stage, and d; is the distance of
separation between the j and j + 1 stages. Equations (3) and
(4) give the gain for n cascaded stages, compensating for the
power loss due to the spacing between them.

The measured net gains were 13.49 dB and 12.73 dB
obtained using (3) and (4), respectively, at 10.04 GHz. These
values are close to the sum of the gains of the individual stages.
Thus it was verified that both stages deliver gains that are close
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Fig. 11. Gam versus frequency plot for a two-stage 3x3 narrowband
amplifier with nearfield separation between the two stages.

to the maximum. However, for some system applications the
multi stage spatial amplifier should be viewed as a “black box™
without correcting for the 1/r2 loss due to the separation of
individual stages from each other. In this case, the net gain
should be calculated using the procedure described in Section
I-A for a single stage amplifier by using (1) or (2). The path
loss between the different amplifier stages is considered to be
inherent to the spatial amplifier and the terms compensating
it in (3) and (4) should be neglected. Following this approach
the calculated net gain at 10.04 GHz is only 0.34 dB and
[0.05 dB using (4)]. One possible way to improve these gains
is to use lenses to focus the beam from one stage onto the
next stage. Another possible solution is to place the spatial
amplifier stages within their near-field regions.

B Near-field Interstage Coupling

In this approach the two amplifier stages were placed within
the reactive fields of the corresponding antenna arrays which
yields a strong patch to patch coupling. This facilitates the
construction of very compact multistage amplifiers (interstage
separation of a fraction of a wavelength is possible). Fig. 10
shows the experimental setup of two amplifier stages with
near-field interstage separation. The first amplifier stage was
positioned at a fixed distance in the far-field of the transmitting
horn antenna. The position of the second stage was varied
and the stage separation which yielded the maximum gain
was determined. It was observed that a maximum gain of
G = 13.34 [G = 12.95 dB using (4)] is obtainable with a
separation of d = 2.5 cm at a frequency of 10.04 GHz. The
gain obtained is quite close to the sum of the gains of the
individual stages. Fig. 11 shows the variation of gain versus
frequency. The H-plane pattern of the two-stage amplifier with
a stage separation of d = 2.5 cm was compared with the
theoretical H-plane pattern of the 3 x3 uniformly excited paich
array in Fig. 12. As can be observed. the main lobe of the
H-plane pattern has not changed significantly.

The gain obtained for the two-stage amplifier was deter-
mined as a function of interstage separation. Fig. 13 shows
the variation of net gain versus distance of separation d.
Successive maxima of gain were observed with a periodicity

= A/2.

This experiment clearly demonstrates the advantages of
near-field coupling between the stages of the multistage cas-
caded spatial amplifiers presented in this paper.
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IV. CONCLUSION

Narrowband and broadband quasi-optical amplifiers on dou-
ble layer microstrip circuits have been demonstrated. The
common ground plane between the input and output ports
provides effective signal isolation and device heat sinking.
Also the near-field coupling of the transmitting and receiving
horns to the spatial amplifier was demonstrated. The results
obtained from a two-stage spatial amplifier by employing the
near-field coupling of two single stage amplifiers were also
reported. This paper demonstrated the feasibility of obtaining
net gain through the near-field coupling of spatial amplifiers.
A detailed study of the near-field coupling between the stages
is underway. ‘
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