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A Circuit, Waveguide, and Spatial Power Combiner
for Millimeter-Wave Amplification

Carlos E. Saavedraylember, IEEE Warren Wright, and Richard C. ComptokMgember, IEEE

Abstract—A new concept for a millimeter-wave amplifier Grating
that uses circuit, waveguide, and spatial power combining is
demonstrated. The passive array has a free-space-to-microstrip
insertion loss below—1.5 dB from 30 to 44 GHz. Small-signal
measurements of the active array reveal an average gain of 5 dB
from 41 to 46 GHz and a maximum gain of 6.4 dB at 45.6 GHz.
Large-signal measurements reveal a linear power gain of 2 dB
and an output power of 23.7 dBm at the 1-dB compression point
at 44 GHz.

Index Terms—Gratings, power amplifier array, power com-
bining, quasi-optics.
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MMIC  Amplifiers
I. INTRODUCTION

B i . _Fig. 1. Millimeter-wave tapered-grating amplifier array. The amplifiers are
ILLIMETER-WAVE solid-state power combiners typ approximately spacell/2 apart in both the horizontal and vertical dimension

. ically use either _printed circuits, WaVegUi_de, Or quaskht the operating frequency. Lenses (not shown) are used to focus the beam
optics [1]-[3] to combine the outputs of multiple devicesrom the waveguide feed to the grating.

In this paper, a novel power combiner that incorporates . . ) ) .
circuit, waveguide, and spatial power combining is presentetPace-to-microstrip-line coupling problem, the grating design
At the circuit level, seven pseudomorphic high electrofls @ number of other advantages. Cascaded multistage am-
mobility transistors (pHEMT’s) are power combined in é)hflgrs can be used because .there are no restrictions on the
single integrated circuit amplifier. A parallel-plate waveguidngitudinal length of the grating. In addition, the structure
is then used to power combine a row of amplifiers and @n house am x n array wheren is large, as there are
tapered grating spatially power combines different rows &P limits on the overall array size. Input—output isolation is
amplifiers. The power combiner is shown in Fig. 1. good, as demonstrated by experiments, and mutual coupling

Incident energy is coupled from free space to a stack between vertical eIemen_ts is very low because the a_mpllflers
parallel-plate waveguides using a tapered three-dimensiofg# Separated by metallic walls. Furthermore, there is plenty
grating. From the parallel-plate guide, there is a transitidf{ SPace on the grating structure for including the dc bias
to a microstrip-based monolithic-microwave integrated-circufircuitry. Finally, on the issue of heat sinking, the tapered
(MMIC) amplifier. The output signal is transitioned back to thgrating array also provides a good solution to this problem:
parallel-plate waveguide and finally to free space via anoti&€ MMIC'’s are mounted on copper blocks that are epoxied
tapered grating. The parallel-plate-to-microstrip transition @to the aluminum plates of the grating, thereby allowing for
unique in that it serves the dual function of being a waveguiddficient heat removal.
transition and a power-splitting/combining circuit.

A critical issue in spatial power combining is the efficient Il. THREEDIMENSIONAL GRATINGS
coupling of energy from free space to the printed-circuit periodic grating structures have been extensively used in
transmission lines that feed the active elements. Since the afgliimeter- and submillimeter-wave systems. Some applica-
shown in Fig. 1 does not use printed antennas or probes [4]-{@hs include wire grids for polarizers and planar mesh struc-
to couple energy from free space to the printed transmissigltes for free-space low-pass, bandpass, and high-pass filters
lines, the insertion loss for the passive system is small aph]—[12]. For those applications, the gratings are typically thin
also broad-band. Besides providing a good solution to the freg+the direction of propagation. In this section, gratings whose
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Fig. 2. Thick strip grating. (a) Three-dimensional view. (b) Longitudinal view. (c) Unit waveguide cell. In this papet, 75 mm, L = 32 mm,
t = 3.0 mm, andd = 0.4 mm.
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Fig. 3. Tapered Grating. (a) Three-dimensional view. (b) Unit waveguide : }
11

cell. The flare angle is 20 The dimensionsg, d, w, and L are identical to
those of the thick strip grating of Fig. 2.

‘System Displacement | DuT

the reflection and transmission coefficients of a plane wave (b)

norma”y_ |nc_|de_nt_o_n that g'jatmg' The first assump_tlon 1S th%tg. 4. Gaussian-beam measurement system. A through, short, offset short
the grating is infinitely periodic, and the second is that th@d load are used to calibrate the system depicted in (a). For wide devices,
metal strips are of infinite length in thedirection. the reference planes were split by physically moving the left half of the setup,

If infinitely thin and perfectly conducting planes are period2s shown in (b).
ically inserted perpendicular to the grating, as in Fig. 2(b),
the fields are not disturbed due to the periodic nature §6m 30 to 50 GHz were made using an HP 8510C Network
the structure [12]. The grating has now been divided intRnayzer connected to a Gaussian-beam test setup [14]-[18].
completely separate, but 'def_‘“c"’?' parallel-plate Wavegu"éf—band pyramidal horns launch and receive a Gaussian beam
cells,” one of which is shown in Fig. 2(c). Theparameters and lenses with focal lengths of 85 and 150 mm focus the

for one of the waveguide cells are identical to thparameters . -
of the grating and they can be calculated by mode matchiRgam to the device-under-test (DUT), as ShOV\,’n in Fig. 4. To
peérform two-port measurements on the DUT’s, a full two-

[10], [13] at the waveguide junctions. T L
A variation on the thick strip grating is shown in Fig. 3(aPo't calibration procedure was used. The calibration standards

in which the grating is tapered at the ends. To compare tH&ed were a through, short, offset short, and load. The short
behavior of the tapered and thick strip grating, the length of theas a polished slab of aluminum mounted on a movable stage
parallel plates, their thickness, and the period of both gratinggntrolled by a hand micrometer, and the load was a piece of
were made equal. Thin conducting planes can also be inserdébdorber material.

in the tapered grating without disturbing the fields, and the After calibration, the reference planes are at the middle

result is the unit waveguide cell shown in Fig. 3(b). of the optical setup [Fig. 4(a)]. Since the DUT’s are many
_ wavelengths long in the direction of propagation, the reference
A. Experimental Setup planes have to be moved to the input and output of the DUT.

Before presenting the experimental results, the measurem8iftce the excitation signals are Gaussian beams and their field
system will be briefly describeds-parameter measurementsntensity changes as a function of distance, it is not possible to
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Fig. 5. Measured and calculated scattering parameters for the thick strip grating and the tapered grating. (a) Strif-gratb)gStrip grating.Sy; .
(c) Tapered gratingS21. (d) Tapered gratingSii.

use an electrical deldyn the HP 8510 to recede the reference M
planes. The chosen solution was to mount the left half of the
setup on a movable stage, as suggested in Fig. 4(b). After

calibration, the stage was moved the desired distance and the
reference planes were thus split.

B. Strip and Tapered Grating Experimental Results
The gratings shown in Figs. 2(a) and 3(a) were built using =i =

aluminum. The dimensions of the gratings wefe= 0.4 (b)
mm, ¢t = 3.0 mm, W = 32 mm, andL = 75 mm. The

tapered grating had a flare angle of°2@naking the distance ° 4 zem " _ , °

L’ between the tips of the tapered edges equal to 48.7 mm. " - '

For each grating, 11 aluminum plates were stacked on top of o ©

each other with 0.4-mm-thick spacers in between, making the ©

height of the gratings 37 mm. Fig. 6. Tapered grating modeling. (a) Waveguide cell. (b) Tapered regions

Fig. 5(a) and (b) shows the measured and calculat®@ a_pproximated by a series of stepped waveguide sections. (c) Transmis-
s-parameters for the thick strip grating. The theoretical resuf§"ine network.
were obtained using an in-house finite-difference time-domain|p,o s-parameters for the tapered grating are shown in

(FDTD) solver [18]. The measured results were gated usiggy 5c) and (d). The transmission and reflection coefficients
the time-domain features of the HP 8510C vector netwog, e dramatically improved over the entire 30-50-GHz range
analyzer to remove the noise in the data caused by reﬂec“%”(‘ﬁnpared with the thick strip grating (Fig. 5). The measured
from the lenses after the DUT was inserted and which canr@Qt1 is better than—2 dB over the 20-GHz span, setting the
be calibrated out. An important feature of these plo_ts is e ndwidth at 50%. Agreement between the computational and
strong resonant behavior observed._The transmission pegkSarimental results is typically within a decibel 65, and

are spaced at 4.6 GHz, corresponding to a resonant lengths,, gecibels forS;;. The difference is attributed to phase
of 32.6 mm, indicating that the resonance is caused by 1)n4qe [19] and to the coupling efficiency of the horns in the
parallel-plate waveguide cavities in the grating, which amaacirement system for thEE,, mode to the fundamental
32-mm long. Gaussian mode.

1HP 8510C Network AnalyzeOperating and Programming Manual ~ 1h€ tap(_ered edges have imprpved the frequenc){ response
Hewlett-Packard Company, Santa Rosa, CA, 1991. of the grating because they provide a gradual transition from
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Fig. 7. Tapered grating-parameters calculated using the transmission-line model. (a) Insertion loss. (b) Return loss.

The circular spot of the fundamental Gaussian mod@1yg
I is clearly seen in Fig. 9(a). The rings observed around the

PORT 1 ' ﬁ,ey probe central spot are caused by diffraction from the aperture of the
/<>\—/ T pyramidal horn on the left-hand side of Fig. 8. The far-field
E3<] I meas. plane plot of the tapered grating output beam is shown in Fig. 9(b).
TN {A/ The circular spot in the center of the graph indicates that the
! input fundamental Gaussian mode has been preserved after
80k traveling through the grating, thus establishing the tapered

grating’s capability to split a beam and to recombine it again

Fig. 8. Far-field measurement setup. A waveguide field probe is usedwdth minimal distortion.
measure the electric-field magnitude.

lll. ACTIVE AMPLIFIER-ARRAY DESIGN
the free-space wave impedance to the parallel-plate waveguide
impedance. The waveguide model for the tapered grating Af Waveguide-to-Microstrip Transitions
Fig. 3(b) can be used to create a transmission-line model fo

r, .
the grating, as shown in Fig. 6(c), and a simple comput Having demonstrated how to couple energy from free-space

o) parallel-plate waveguide efficiently using a tapered grating,
R;zg_]r‘z?: ncea't\r/]votr)s Zssetgmtol;a:frl;lr?]teetetf?;grlgﬁge;sisOsfhf)r\];nthe next step was to design a transition [18], [20], [21] from
in Fig 7, along With expl?arirr?ental and EDTD results for thwaveguide to microstrip to guide the energy to the amplifier
o0 f|' ' ting. The t ission-li del s th ?hips. Fig. 10(a) shows a schematic diagram of the microstrip
are grating. The transmission-iné modet suggests hat 8, qiinns. To simplify the design process, an infinite array of
longer taper (i.e., smaller flare angle) will improve the reSPONE& nsitions was assumed. The periodicity of the fields in the

of th_e_ grating because there_ is a more gradual 'mpeda%?ﬁjcture allows magnetic walls to be inserted in the array,
transition fromZ; to Z,. A major advantage of recasting the s shown in Fig. 10(b), and the microstrip transitions were

grating problem in terms of transmission lines is that a varie Lsigned by considering only one transition.

of grating taper angles can be can be quickly investigated PrOf- o width of each transition was 4.24 mm. which was
to doing a full-wave analysis and building hardware. . i

determined primarily by the size of the MMIC’s. The MMIC’s
) _ had a width of 2.66 mm and the spacing between them was
C. Tapered Grating Far-Field Measurements 1.58 mm. ImpedanceZ; in Fig. 10(b) is given byz, =
Initially it was not obvious whether the grating wouldy,d/(w,/e,.). Using d = 0.381 mm, w = 4.24 mm, and
preserve a Gaussian beam as it traveled through the structure= 3.27 gives Z; = 18.7€2. The impedance from the overlap
To investigate the interaction of the Gaussian beam with thegion to the beginning of the microstrip transmission lines is
tapered grating, far-field measurements of the output beatso Z;. The final step in the transition design was to create
were made using a beam scanner. The experimental setup lroad-band matching network frof to Z,, which is the
depicted in Fig. 8. impedance of the microstrip line that fed the MMIC amplifier.
The field was sampled using @-band waveguide probe. The matching network consisted of seveft microstrip lines
The measurement plane was locate&@t, from the output at the design frequency of 44 GHz.
of the DUT and it encompassed an area of 400 mm in theFig. 11(a) shows the-parameters for the tapered grating
horizontal direction by 200 mm in the vertical direction. Thevith bare substrates stacked between the plates and Fig. 11(b)
signal frequency was 40 GHz and beam waist radius was 1%tibws thes-parameters of the grating with the microstrip
mm at the input of the DUT. For reference purposes, themnsitions. The measurements in Fig. 11(b) reveal #at
Gaussian beam was first mapped without the tapered gratiaghetter than—3 dB from 30 to 44.4 GHz, which suggests
in the system. Fig. 9(a) shows a gray-scale rendering of ttiet only —1.5 dB of power is lost in transitioning from free
electric-field magnitude for that measurement. space to the microstrip circuit lines. To the best of the author’s
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Fig. 10. (a) Schematic diagram of the parallel-plate waveguide-to-microstrip transitions. (b) Structure is simplified by exploiting itstpefibdisubstrate
has a relative dielectric constant of 3.27 and a thickness of 0.381 mm.
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Fig. 11. (a) Passive tapered grating with unpatterned dielectric substrates. (b) Passive tapered grating with waveguide-to-microstrip Taesitsertion
loss is less than 3 dB over a 14-GHz bandwidth.

knowledge, these are the best passive results for a quasi-optieas used for the drain bias and one for the gate bias of the

array at@-band. MMIC’s in that row. Bond wires were used to connect the bias
pads together and only one of the bias pads was connected
to the power supply. In the grating array, each chip was

B. Amplifier-Array Assembly epoxied onto an individual copper heat-sink chuck, which itself

A photograph of the fully assembled tapered grating ampH(as epoxied onto the g_rating plates, thus aIIowing individual
fier array is shown in Fig. 12. A cross-sectional drawing of tH¥MIC’s to be replaced in the event of a malfunction.
array is shown in Fig. 13(a), and a top view drawing is shown
in Fig. .13(b). Each row has two separate substrr?\te boards: one IV. AMPLIFIER-ARRAY RESULTS
at the input and another at the output. Conductive epoxy was
applied to the ground plane of the boards in order to attach i
them onto the grating plates and the positioning holes wefe SMall-Signal Measurements
used to align the substrate boards prior to curing the epoxyA 4 x 4 AMPLIFIER array was built using Raytheon Elec-
film. For each row of the amplifier array, one power supplironic’'s PWR1A power amplifier MMIC [18], [20], [22]. The
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Fig. 12. Tapered-grating amplifier array. The grating plates are pressed 0 . g i
together using four threaded screws. The array is 37-mm high, 75-mm wide, [ ]
and 48-mm long in the direction of propagation. [ ]
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Fig. 14. S-parameter measurements for thex44 array. (a)S21 and Sy1.
(b) Output—input isolationS12.
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Fig. 13. Amplifier array layout. (a) Cross-sectional view of one period of
the array. (b) Top view of one row of the array.

Raytheon MMIC is a three-stage class-A amplifier, with the

first stage using one active device, the second stage two

devices, and the last stage four devices, for a total of seven

devices per MMIC. The small-sighal measurements for the

active array using a Gaussian beam of spot radius of 6.5 mm

are plotted in Fig. 14(a). The average small-signal gain of the

array is about 5 dB, the maximum gain is 6.44 dB at 45.6

GHz, and the bandwidth is 10%. An important issue was the AT

output—input isolation, given by,, because this will affect rig. 15. 4 x 4 array illuminated with beam spots of different radii. The

the amplifier's stability. In Fig. 14(b)5;> is plotted for the shaded squares represent the amplifier chips inside the grating, and the dashed

array; the isolation is below-30 dB above 41 GHz. circles mark the place at which the beam intensity has dropped to 37%.
During the measurement process, it was observed that the

size of the Gaussian-beam spot had an effect on the results

because large beam spots illuminate areas of the array thiae on the measured results, th@arameters of the array

do not have active elements, thus leading to low gains angére measured using beams with spot radii of 6.5, 7.5, 8.5,

high reflection coefficients because the unused microstrip link8, and 12 mm (see Fig. 15). In Fig. 16(a) and (b), the gain

in the array are open-circuited. On the other hand, smalhd reflection coefficients for the array using different beam

spot sizes concentrate the energy on the active elements apdts are plotted and, in Fig. 16(c) and (d), thparameters

therefore, lead to higher values of gain and lower values fare plotted versus beam spot size at two frequency points. As

the reflection coefficient. To study the effect of the beam spexpected, the gain decreases when a larger beam spot is used
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Fig. 16. 4x 4 amplifier-arrays-parameter variation with beam spot radius.fa) and (b)S versus frequency and (61 and (d)S11 versus beam radius.

in the fundamental Gaussian mode, amounting to a 6-dB
; ‘ coupling loss at the receiving horn antenna. Therefore, the
“mimz]gwm”l T ‘ M ‘ { actual gain of the array is presumed to be 6 dB higher.

O
A |
L {1

T
L

B. Large-Signal Measurements

In addition to small-signal measurements, large-signal or
power measurements were made on the tapered grating am-
plifier array. An impact ionization avalanche transit time
Fig. 17. 4x 4 array far-field plot. The amplified beam is distorted towarc(lMPATT) diode source W!th a nominal output power of 3.4 W
the right. The measurement was made at 40 GHz over an area of 400 @in44 GHz was used as input to the array, and an HP 8487A
by 200 mm at80Ao from the array. power sensor connected to an HP EPM-441A power meter was
used to measure the output power. A schematic of the power

while at the same time the reflection coefficient increases. Tweeasurement test setup is shown in Fig. 18. The first polarizer

impact onSy; is more pronounced than ofi;: while S, is"a beam splitter that has a variable angle of polarization

. . 6. Changing the polarizer's angle allows the input power to
varies between 4 and 5 dBy, varies by about 2 dB on 16 DUT to be varied. The second polarizer is oriented at

th
average-.b:t V_VOUI% Seem rﬁgsonabrllg tho mgk.ehthe spot ?}S ST g° and its function is to deflect the energy coupled to the
as possible In order to achieve a high gain; however, the sppbqs holarized mode by the beam splitter out of the system.
should not be made arbitrarily small using external dielectrighg third polarizer, also oriented dt= 0°, is located after

lenses because the beam becomes highly divergent, potentiglly attenuator to ensure that only a vertically polarized mode
leading to anomalous resullts. reaches the receiving horn. The losses in the passive test setup

The far-field measurement of the output beam of thead to be measured in order to determine the true output power
16-element array is shown in Fig. 17. Unlike the well-definegf the array. Adding the losses due to the lenses, the attenuator
central spot seen in Fig. 9(b), the field intensity graph faind coaxial cable connecting the receiving horn to the power
the amplifier array is noticeably different. The beam has aneter revealed a transmission loss of 25 dB from the output of
uneven and asymmetric distribution. A numerical comparisahe DUT to the power sensor. The final step was to determine
between the far-field plots of Figs. 9(a) and 17 using overlape incident power (using the power meter) as a function of
integrals reveals that only 25% of the energy in Fig. 17 ihe polarization angle of the beam splitter.
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Fig. 18. Top view of the power measurement system. The passive setup was fully characterized using an HP 8510C network analyzer to determine
all the losses in the system.

30— 10 loss that is less than 1 dB over a 20-GHz span. To couple the
! ' ] energy from the parallel-plate waveguides to the microstrip
£ ] s transmission lines, a novel transition was developed that yields
L ] a free-space-to-microstrip insertion loss that is less than 1.5 dB
5 ] 1% from 30 to 44 GHz. In this manner, the tapered grating array
§ :0 ; has addressed a key problem in spatial power combining:
= 1 &= how to efficiently couple energy from free space to a printed
1 1s transmission line over a broad bandwidth. The results from the
© 1 4 x 4 active amplifier array reveal an average small-signal gain
i | ; : ] 1 of 5 dB over a 4.3-GHz span. Due to distortions in the output
1ol 100 RIS IR I 1))

beam of the array, a significant amount of energy radiated by
the amplifier is not coupled to the receiving horn antenna of the
measurement system. As a result, it is believed that the actual
;@r‘%\in of the array is underestimated by an amount of 6 dB.

20 25
Input Power (dBm)

15 30

Fig. 19. Output power and power gain versus input power for the tape
grating amplifier array. The dashed line is the extension of the linear g
region.

ACKNOWLEDGMENT

The authors would like to acknowledge the assistance of G.
Swan in machining parts used in used in the experiments.
The power measurement results are plotted in Fig. 19. With
13 out of 16 MMIC'’s operational, the output power of the
array at the 1_dB. compression _p0|nt at 44 GHZ is 23.7 dB 1] K. J. Russell, “Microwave power combining techniquelyEE Trans.
or 234 mW. The linear power gain of the array is 2.0 dB befor€™ \jciowave Theory Techvol. MTT-27, pp. 472-478, May 1979.
it begins to roll off at 21-dBm input power. Each MMIC has [2] K. Chang and C. Sun, “Millimeter-wave power combining techniques,”
a PAE of 20% and a linear power gain of 12 dB. Since the IEEE Trans. Microwave Theory Techiol. MTT-31, pp. 91-107, Feb.
measured power gain of the array was 2.0 dB, the missing, Jlg\?\?.'Mink,
10 dB of gain are accounted for as follows:

C. Array Power-Added Efficiency (PAE)
and Power Combining
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