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Abstract—Both 1.6- and 3.3-W power-amplifier (PA) modules potential for spatial power combining for massive power
were developed at 24 GHz using a waveguide-based power com-combination.
biner. The combiner is based on a double antipodal finline-to-mi- Spatial or quasi-optical power combining is a promising

crostrip transition structure, which also serves as a two-way power h that int t | b f devi t t
combiner. The proposed 1x 2 combining structure was analyzed approac al integrales a large number or devices 1o ge

and optimized by finite-element-method (FEM) simulations and Watt-level powers at millimeter-wave frequencies. When
experiments. An optimized 1x 2 power combiner showed a very applied to massive power combination, this method has the
low back-to-back insertion loss of 0.6 dB and return losses better potential of achieving higher combining efficiencies than
than 17 dB over most of Ka-band. The resonant behavior of the any other conventional planar power-combining schemes.

combiner was also identified and analyzed using an FEM simu- H f bini techni h
lator. The two-way power-combining approach was extended to Owever, a Iree-space power-combining technique such as

four-way (2 x 2) power combining by vertical stacking inside the 9rid amplifiers [1] may suffer from diffraction losses, focusing
waveguide. No degradation in the combining efficiency was ob- errors, poor heat sinking, and the problems of input/output
served during this process, demonstrating the scalability of the pro- jsplation. Closed-waveguide combiners, where power com-
posed approach. The implemented X 2 power module that com-  pining occurs inside the waveguide [2], [3], are more attractive
bines two 1-W monolithic-microwave integrated-circuit (MMIC) f tical than f bi . the f
PAs showed an output power of 1.6 W and a combining efficiency or prgc '_Ca use an. ree-space combiners, since the former
of 83% around 24 GHz. The 2x 2 PA module combining the four  €an eliminate or alleviate the problems of the latter. A 25-W
1-W MMICs showed an output power of 3.3 W together withan al- K a-band amplifier and a 36-W -band source, for example,
most identical combining efficiency. This paper demonstrates the were developed using quasi-optical power combining in closed
potgntlal of.the proposed power comblnerfor high-power amplifi- waveguides [4], [5]. They showed very high output power at
cation at millimeter-wave frequencies. . P o
millimeter waves with good thermal sinking property through
Index Terms—Millimeter-wave power amplifiers, power com-  the use of liquid-cooled thick ground metals.
biners, waveguide transitions. Recently, waveguide-based spatially combined power ampli-
fiers (PAs) were developed using tapered slot antenna arrays
l. INTRODUCTION at X-band [6], [7]. They demonstrated a 120-W PA module
. . at X-band by combining 6x 4 MMIC PAs in a waveguide
HIGH power-amplifier (PA) module is one of theWith a high peak combining efficiency of 88% [8]. For com-

most Important .cpmponents n W|reles_s transmnye ning the output powers of a large number of MMIC ampli-
at microwave and millimeter-wave frequencies. Espema%

¢ millimet ¢ . iable f ers, this kind of waveguide-based spatial power combiner is
a mll'ltrr?e er-wave requtencwis,d p(_)we_rt al\\jlall\I/I?C € rl(')m't e(;;\ uch preferred to planar combining structures such as corpo-
MONOIIthic microwave integrated circul ( ) is M, ate combiners since the latter suffers from increased losses as
and subsequent power combining is required to achieve mu[

tt-level High-effici bi ithb FS'\é number of PAs increases. The structure presented in [8],
walt-level powers. High-€fliciency power CombINETS WIth broaf], yever is rather limited in operating frequencies since it relies

bandwidth and good thermal property are essential for ¢ n slotline-to-microstrip transitions using bond wires without

purp(_)sle. Thel wave:[gmde;basted power combn_wder IS prefterr% 5 histicated balun structures. The structure, thus, cannot be
Coaé(.'a' ortp a’.}f_‘r' ytpe struc ufres as Waveg\L;\'/ €1s %5 En a ily applied to millimeter-wave power applications because
medium ab.m| |me|er-w2ve re?jUﬁnckes.. ki avegui e; as poor reproducibility of wire bonding; the length and shape of
pOWEr combiners aiso ofier good heat-sinking property a'?iqe bond wires, which are crucial parameters of the transition,
are hard to control with acceptable accuracy at millimeter-wave
Manuscript received March 6, 2000; revised August 25, 2000. This work wi€guencies. Moreover, accurate modeling of bond wires is non-
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structure was analyzed and optimized by FEM simulations B frontside metal microstrip
and experiments. The two-way power combiner was alsc backside metal waveguide output ports
extended to a four-way (2 2) combiner by vertical stacking. backshort

The 1x 2 and 2x 2 power modules combining 1-W MMIC 6 il i il
PAs have been implemented to demonstrate multiple wat  fyfine-to-microstrip
power modules at millimeter-wave frequencies. Thex12 transition
power module showed an output power of 32.2 dBm and the
2 x 2 power module showed 35.2 dBm at 24 GHz with high
combining efficiencies of 83%. The details of the proposed 1

A
2 power combiner are presented in Section Il, followed by the E :
extension to a % 2 combiner in Section Ill. Construction and f i
measured performance of the 1.6- and 3.3-W power module | L)
are presented in Section IV. Téiy > ST
X waveguide
input port
[I. PROPOSEDPOWER-COMBINING STRUCTURE (a)

A. Operation Principle of the Proposed Power Combiner

The proposed power combiner is based on a waveguide-tc
microstrip transition using antipodal finlines [9]. Antipodal fin-
lines translate thel'E;, mode of the rectangular waveguide
to the quasi-TEM mode of the microstrip line by rotating the
electric field. In terms of impedance, they transform the high
impedance of the waveguide to the low impedance of the mi
crostrip line. In this paper, a double antipodal finline-to-mi- i
crostrip transition structure, where two transitions sit side by d %
side, was adopted to implement a power-combining function as B
well as mode transition.

The proposed power-combining structure is shown in Fig. 1. 1
Two waveguide-to-antipodal finline-to-microstrip transitions =
are integrated on a single substrate, which are then inserted .
into the centralF-plane of the waveguide. The stryucture thus ﬁ'
operates as a two-way power combiner. Fig. 1(c) illustrates the b 1
principle of mode transition and antiphase equal power division N
(3 dB). In the region between pointsandb in Fig. 1(a), the
tapered antipodal finline gradually rotates the vertical electric a T
field of TE;, mode to the lateral direction. Also happening T T M
in this region is the impedance transformation from the high
impedance of the waveguide to the low one of the microstrip (©)
line. By the time the wave reaches pointhe E-field has been
rotated by 90, and has almost matched thkfield profile and Fig. 1. Proposed power combiner. (a) 3-D view of the structure. (b) Detailed
impedance of the microstrip lines. However, the field profile bstrate layout (pqck-to-back). (E)field profiles at various points along the

) . . . . . . ength of the transition.
point ¢ is still asymmetric with broader field extension to one
side of the microstrip line. This can be solved by employing a
balun structure, which is implemented by gradually flaring thi@per turned out to be almost triangular in shape. DIT improved
ground plane from point to pointd. Finally, by pointd, the the return loss by 23 dB in the measurement.
field has become the quasi-TEM mode of microstrip lines, andFig. 1(b) also shows serrated chokes that were employed to
antiphase equal power division has been achieved. bring the frontside finline into an electrical contact with the

Also shown in Fig. 1(b) is the detailed layout of the combinawaveguide wall. Chokes consist of the quarter-wave length mi-
arranged in the back-to-back configuration for testing. The dirostrip open-stub arrays, which enforce short boundary condi-
electric impedance transformer (DIT) is integrated in the subiens at the waveguide wall. The backside finline, on the other
strate to transform the impedance of the air-filled waveguidend, was hard contacted by conductive epoxy. The use of ser-
to that of partially dielectric-filled waveguide where the finlineated chokes allowed us to avoid hard contacting both sides of
transition begins. The exponential taper was adopted for thiie substrate to the waveguide wall at the same time. This helped
purpose, and the geometry of the impedance transformer vtasolve the repeatability problems caused by poor contact when
determined using the impedance equations of partially dieleattempting to press fit both sides to make contacts. To minimize
tric-filled waveguide [10]. The resulting exponential impedanceflections and losses due to the chokes, the length, (vidth
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(W,), and pitch §,.) of the chokes were optimized by repetitive 0 Grcm——— p—— ——

experiments. L /> 1 (Lei=8 3mm)
Compared to the single antipodal finline-to-microstrip transi- Sy (L=8.9mm) &% §

tion, the double antipodal finline structure is expected to shov ¢ .10 Su (L=8.9mm) ¢

broader bandwidth due to a reduced impedance transformatic sy '\f’ ,'.»' ’ &"%

ratio. Conventional waveguide-to-finline transition often suf- : s %O

fers from restricted bandwidth due to a high-impedance trans :

formation ratio between the waveguide and the microstrip line

(>8:1). Since the impedance seen by each finline transition ¢

the waveguide end is halved in the double finline structure, th

bandwidth problem can, in principle, be alleviated.

9 (51 (Lar=8.3mm)
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Insertion Loss and Return Loss (dB)

B. Analysis and Design of the Proposed Power Combiner -40
26 28 30 32 34 36 38 40

The initial structure design was performed using a custon Frequency (GHz)
three-dimensional (3-D) vector finite-element method (FEM) (a)
structure simulator developed by the authors [11]. In the ana 0 —=
ysis, we assume that onlyE; o mode exists at the boundary of
waveguide port. At the boundary where microstrip line termi-
nates, we use perfect matched layers to implement the match

-5

Sy1 (dielectric)

10 ¢ Si (dielectric) | | [ ¢
port conditions. The complex permittivities and permeabilities Pty i T
of the layers are chosen carefully not to trigger any reflection: 15 T m S Y
at the boundary. All conducting materials including the wave- 5 -20 v °§; P2 °é;,_
guide walls, microstrip line, and ground plane are assumed t o !f °

be perfect electric conductors.

After the initial design, the structure was optimized experi- .
mentally by adjusting the key parameters. For this purpose, tt
following key parameters were first identified:

Insertion Loss and Return Loss (dB)

i 3
1 NI 1 1

1) length of the transitior,; -40

2) length of the semicircular cutout,; 26 28 30 32 34 36 38 40
3) width (7,.); Frequency (GHz)

4) pitch (5;); (b)

5) length €.) of the serrated chokes.

Thes_e param(_aters are specified in Fig. 1(b). AS mentioned 884 2. Measured characteristics of the back-to-back connected 2
lier, field rotation and impedance transformation take place éambiner illustrating the resonance frequency shift according to: (a) the length

the region between pointsandb. L, denotes the length of this of the semicircular regiori.. and (b) the effective dielectric constant of the
region, i.e., the transition length. The longer the transition regié%sonam regon.
is, the less the reflection is. However, low reflection comes at the
cost of increased insertion loss due to ohmic loségsthere-
fore, needs to be compromised between the return and insertige substrate at the cent&tplane of waveguide for two cases:
loss. Another set of the parameters of importance belongs to e at the resonance and the other off the resonance. The
serrated chokes. The length,(), width (W), and pitch §.) field profile at the resonant frequency (31.7 GHz) is shown in
determine the effectiveness of the electrical ground and haverig. 3(a) (magnitude of the tot&l-field intensity) and Fig. 3(b)
be optimized carefully. (z-axis component of thé-field). It can be observed from
The most sensitive parameter in the structurelLjs the Fig. 3(a) and (b) that th&-field is heavily concentrated in the
length of the semicircular cutout. This parameter determinssmicircular cutout region, and that the most domirfasiteld
the length of the balun [region between poirtsand ¢ in  component in this region is the-axis component. The leaky
Fig. 1(b)] and should, therefore, be determined appropriatelave from the transition region is believed to generatexis
to ensure smooth transition. Moreovdr, also controls the component of the electric field and trigger resonance in the
frequency of the in-band resonance that is often observed in #emicircular region in the same way as in a two-dimensional
antipodal finline transitions. Fig. 2(a) shows the insertion an@-D) slot cavity. In this simulation.. was set to 9.5 mm,
return loss of the back-to-back connected double antipodal ficerresponding approximately to one guided wavelength at
line structure for two different choices @f, (L. = 83 mm, 31.7 GHz. Two local maximum points of electric-field intensity
and L., = 8.9 mm). For both cases, resonant behavior iwere found along the semicircular cutout region, which is
observed near the center of t€a-band. The resonance isin accordance with the guided wavelength considerations.
attributed to the semicircular cutout region that acts like Rig. 3(c) shows the nonresonant case (36.0 GHz) with a low
guasi—2-D cavity. Fig. 3 shows the electric-field profile insidéack-to-back insertion loss of 0.54 dB-field intensity in the
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1.12522E+01 1.57531E+0L 2.02539E+01

2.25048E+00 6.75134E+00
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| | | L] S R
2.,08374E+00 4.16742E+00 6.25111E+00 8.33480E+00 1.59862E+01

©)

Fig. 3. Electric-field intensity profile inside the dielectric substrate 3.56 mm onyz-plane). (a) Magnitude of total electric-field intensity at the resonant
frequency. (b) Magnitude of-axis component of th&'-field at the resonance frequency. (c) Magnitude of total electric-field intensity at off-resonance frequency.
The units of theE-field intensity is volts per meter.

resonant region is weak and the field is well confined withiReduced effective dielectric constant in the “air” case increased
the microstrip lines. the resonant frequency from 32.8 to 34.5 GHz.

Based onthefield analysis, itcan be easily inferred that the resAfter repetitive experiments with slight adjustment of the
onant frequency can be controlled by simply adjusting the lengtby parameters, an optimuiia-band power-combiner design
of the semicircular cavityl(.), which was indeed the case, awas obtained, and the final structure was fabricated on a
shown in Fig. 2(a). The longdr. becomes, the lower down thel10-mil-thick Duroid substratedfelectric constant = 2.2).
resonance frequency goes. It is worthwhile to note that the re$ag. 4 shows the measured characteristics of the optimun21
nant frequency can also be changed by adding the backside miedak-to-back connected power combiner. Also shown in Fig. 4
[referred to as “BM” in Fig. 1(a)], which modifies the shape ofs the calculated insertion loss obtained from the custom FEM
semicircular cutout and changes the resonant frequency; addiimgulator. The FEM simulator predicts well the resonance
the backside metal decreased the resonant frequency. Sinfilaquency and insertion-loss characteristics. The measured
trends were reported by the authors for the conventional wawesertion loss including the losses of the microstrip lines was
guide-to-microstrip transition [12]. In addition, Fig. 2(b) showsess than 0.6 dB and the return loss was better than 17 dB
that the resonant frequency can also be controlled by modifyiagross the entir& a-band, except for the frequencies between
the effective dielectric constant of semicircular region. For th&2—35 GHz, where the resonance occurs. Since the main
purpose, the substrate material in the semicircular region waspose of this paper is to demonstrate the power-combining
selectively removed by cutting. In Fig. 2(b), “air” refers to theapability of the proposed structure, no attempt was made to
case where the dielectricin the semicircular region was removedsh the resonance out of the band.



2704 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000

0 e
g s | i | o o
- S,1 (measurement) ; 4% 81 (simulation)
s 1o S11 (measurement)
E st
153 M e "~
= 20 : -
L o .
g X
2 .25 i
»3 N S vl - } !
‘S‘ =30 ; : i
£ K ; i Voo I
g DR ¢ P * D N e o
g 35 1 : P t © ! 3.56 mm ©
40 i L L B Zz 1;
|
26 28 30 32 34 36 38 40 ¥
Frequency (GHz) Bias feed\ﬂ, H J/MMIC PA
TTTTTTTTIT w B
Fig. 4. Measured and simulated performance of the back-to-bacRk fiower <»/”J B L\*>
combiner optimized for broad-band operatioriat-band. W T
i ligi ?
[ll. EXTENSION TO2 x 2 POWER-COMBINING STRUCTURE T—»y o

The proposed X 2 combiner can, in principle, be extended t@ig. 5. Schematic diagram of the22 power combiner showing the stacking
1 x 2n combiner to accommodaga MMICs by employings ~ Method and construction.
double antipodal finline transitions on the same substrate. How-
ever, the number of MMICs that can be integrated on a single 0
substrate is practically limited by the physical size of MMICs @ 5 :
and waveguides, as well as thermal issues. To accommodar g Soi (measurement)

many MMICs, the microstrip lines need to be meandered. How- 5 1 }«%’,‘ (measurement) $1
ever, long lines result in increased losses as in the case of cor E 15 B¢ M@% g,
ventional corporate combining and, therefore, defeats the pur & o %% LN
pose of spatial combining. The size restrictions due to waveg- g 20 7 34 %%:
uides can be alleviated by using oversized waveguides, whicl 2 5 | ° o
is, however, limited by overmoding effects. é ;S

A 2-D waveguide-based spatial power combiner, where sev- § S0 T 6

eral planar power combining trays are vertically stacked in the £ 35
E-plane of waveguide, has been proposed in [6]-[8]. This struc-
ture is very useful for massive power combining since it is ca-
pable of combining multiple one-dimensional (1-D) power trays
without much degradation in the combining efficiency. In this Frequency (GHz)
paper, a similar stacking method was employed to extend the

1 x 2 double antipodal finline power combining approach to ?’g. 6. Simulated and measured results of the back-to-back connected 2
power combiner used for actual power combining. Thix 2 combiner

2 x 2 power-combining array. was optimized for 24-GHz operation and had longer microstrip lines to
Fig. 5 shows the stacking configuration used in this paper. [tdiscommodate the MMIC chips.

a two-tray system, where two identicalkl2 power combiners
described in the previous section are inserted inEhglane of 2 x 2 structure was optimized to show the best performance at
WR-28 waveguide with a spacing of 1.9 mm. The combin@4 GHz, which happened to be the frequency where the MMIC
consists of three metal blocks, a central piece containing tRAs had highest gain. Unfortunately, somewhat poor combiner
two 1 x 2 combining trays, and the remaining two pieces tperformance was unavoidable at 24 GHz since it was close to
complete the waveguide. The ground planes of each tray wéte waveguide cutoff; the recommended frequency range of
placed face to face to each other so that the interactions betw@¢R-28 waveguide was from 26.5 to 40 GHz. On top of that, the
MMIC PAs could be minimized. microstrip pattern in the % 2 combiner had to be meandered
Fig. 6 shows the simulated and measured results of tteeaccommodate the large MMIC chips for mounting. In this
back-to-back connected 2 2 power combiner. Unlike the way, the line lengths were made longer and higher conductor
aforementioned X 2 combiner that was designed to demonlosses were inevitable. Measured insertion loss was 2.0 dB
strate the broad-band power-combining capabilitiXatband, around 24 GHz and 1.8 dB across tHe-band, except for the
the 2 x 2 structure was constructed with a special purpose;résonant frequencies. Simulated loss was 1.5 dB smaller than
was designed to actually combine the output powers of the 1-#1/& measured one since the conductor loss was not taken into
Ka-band MMICs developed by the authors [13]. Hence, theccount during the simulation.

22 24 26 28 30 32 34 36 38 40
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2.18501E-01 4,37003E-01 6.55504E-01 8.74006E-01 1.09335E+00

(d)

Fig. 7. Electric field profiles of 2x 2 power combiner. (a) Inside the substrate at the resonance frequency. (b) In between trays at the resonance frequency. (c)
Inside the substrate at the off-resonant frequency. (d) In between trays at the off-resonance frequency. The uBitSalfitimensity is in volts per meter.

In order to tell the effect of stacking apart, ax12 combiner tween the trays. Fig. 7 shows the electric-field profiles inside the
with the same metal pattern as th& 2 combiner was also fab- substrate of one tray [see Fig. 7(a) and (c)] and in between the
ricated and measured. Relative performance degradation in titag/s along the centrdl-plane of the waveguide [see Fig. 7(b)

2 x 2 combiner compared to this® 2 combiner can, in this and (d)]. Fig. 7(a) and (b) corresponds to the field profiles at
way, be solely attributed to the effect of vertical stacking. Thihe resonant frequency (31.5 GHz), while Fig. 7(c) and (d) are
fabricated 1x 2 combiner showed a measured insertion loswear the off-resonant frequency (24.0 GHz). At the off-resonant
of 1.6 dB around 24 GHz and 1.2 dB across the band, whiflequencies, the electric field in between the trays is negligible
were less than 0.4-dB difference at the frequency of interegtith a field strength only 1/10 of that inside the substrate. Sim-
illustrating almost negligible deleterious effect due to verticalar trends are observed at the resonant frequencies; very weak
stacking. To be sure, field simulations were also performed field is observed in between the trays. However, for the areas
double check whether any unwanted modes were excited in beneath the semicircular cutout region, strong localized fields
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Fig. 9. Measured output power, power gain, and PAE of tke2LPA module
(a) as a function of the input power at 24.2 GHz. Drain bias was 4 V for this
measurement.

35

v

Saturated output power

w
<
T

Small :ignal gain

[ 34
wn

(dB), Small Signal Gain(dB)
Power Added Efficiency (%)
"]
[=)

Saturated Output Power (dBm), Power Gain

157 \4 Power gain
Power added efficiency
10
5 L
Seoul National University 0
(b) 22.5 23 23.5 24 24.5 25 25.5

Frequency (GHz)

Fig. 8. 2x 2 power module. (a) Overview (b) Inside the combiner with thq:ig. 10. Measured output power, power gain, small-signal gain, and PAE of

top removed. the 1x 2 PA module as a function of the frequency. The drain bias was 3.5 V
for this measurement.

are observed at resonant frequencies [see Fig. 7(b)]. Similarity
of the field profiles in the resonant region between the trays [sBBd housing serve as efficient heat sinks. Other approaches
Fig. 7(b)] to that inside the substrate [see Fig. 7(a)] suggests tRHEh as active cooling can be utilized [4] to further reduce
the localized fields in between the trays be just leakage fielie thermal problems. Gold wires with a diameter of 1.0 mil
from the quasi-2-D resonator formed inside the tray. Overall i€re used for RF and dc interconnection. Various metal-insu-
was shown from both simulation and experiment that verticitor-metal (MIM) and chip capacitors were mounted along the
stacking could be performed with minor, if any, performanc@ias lines to prevent low-frequency oscillations. An overview
degradation. This demonstrates the excellent scalability of tAethe complete 2< 2 power module is shown in Fig. 8(a),
proposed power Combiner design_ along W|th the |ay0utS Of the tray in F|g 8(b)
Measured output power and PAE of thex12 PA module
that combines two 1-W MMIC PAs is shown in Fig. 9 as a func-
IV. 1.6- AND 3.3-W PA MODULE tion of the input power. The frequency was 24.2 GHz. The drain
bias was 4.0 V and the gate bias wa8.3 V. The saturated
To demonstrate the combining efficiency of the proposembwer is 32.2 dBm with an associated gain of 19.0 dB. The peak
1 x 2 and 2x 2 power-combining structures, 2-W (& 2) PAE was 21.1%. The power-combining efficiency was thus es-
and 4-W (2x 2) PA modules were built using 1-\i{a-band timated to 83%, including the losses of the bond wires and mi-
MMIC PA chips developed by the authors [13]. MMIC PAcrostrip-to-waveguide transitions. Fig. 10 shows the measured
chips showed an output power of 1 W at the chip level togetheutput power, PAE, power gain, and small-signal gain as a func-
with a high power-added efficiency (PAE) of 25%. They weréon of frequency. The drain bias was reduced to 3.5 V for this
mounted on the test fixture with conductive silver epoxy drequency sweep. From 23.5 to 25.0 GHz, the average satura-
indium solder to allow good heat sinking. Thick metal carrieson output power is 31.6 dBm with a power gain of 18.9 dB
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40 The 1 x 2 power-combining approach based on double an-
= Output power tipodal finlines was extended to axX 2 combiner by vertical
3;’ ~ 37 stacking. Two identical X 2 combiner trays were inserted into
’g °\; 30 | the E'-plane of the waveguide for this purpose. Thg 2 com-
§ g biner designed for power combination of 24-GHz PA MMICs
£ s B e showed a back-to-back insertion loss of 2.0 dB at 24 GHz, which
2 90 Power gain was almost identical to the loss of the<12 combiner with the
g3 same layout. The scalability of the proposed power-combiner
< BT concept was confirmed in this way.
§ § 10 k The 1x 2 and 2x 2 power combiners were used to com-
5 & Power added efficiency bine the output powers of 1-W MMIC PAs to achieve 2- and
£ ST 4-W power modules at 24 GHz, respectively. The 2 power
°© 0 : module combining two MMICs showed an output power of

0 2 4 6 8 10 12 14 1.6 W and a high power-combining efficiency of 83% around

24 GHz. The 2x 2 PA module implemented by staking two

1 x 2 power modules showed a high output power of 3.3 W and
Fig.11. Measured output power, power gain, and PAE of tRe2PA module combln_lng eﬁlmency (_)f 83%_ Qt 24 GHz. No apprec!able degra-
as a function of the input power at 24.1 GHz. The drain bias was 4.5 V for tHiation in the combining efficiency was found during vertical
measurement. stacking, which again illustrates that the proposed power-com-
bining approach can be scaled to a higher degree of power com-

and a PAE of 21.7%. The bandwidth of the power module is efining Wit_hOUt further IO?’S' ,
tirely limited by that of the MMIC amplifier; the bandwidth of _EXtending the operation frequency of the combiner above
the MMIC chip was about 7%. Ka-band is under way. Since the one-tray combiner is basically
A2 % 2 PA module that combines four 1-W MMIC PAs wa<omposed of finline-to-microstrip transitions, which have been
constructed by stacking two identicalkl2 PA trays as stated in Verified up toW-band, it is expected to work without tremen-
the previous section. Fig. 11 shows the measured output povgéws Ioss_degra_datlon up t0 100 GHz. However,.th.e numbgr of
power gain, and PAE of the 2 2 power module as a function ofthe trays in vertical stacking can eventually be limited at high
the input power at 24.1 GHz. The drain bias was 4.5 V and tff§dquencies by the physical size of the waveguide and the thick-
gate bias was-0.4 V. The measured output power was 35.2 dBMESS of the substrate unless overmoded waveguide is used. Thin
with an associated gain of 22.4 dB, corresponding to a 1.2- -loss substrates such as 5-mil-thick quartz can be used to

compression point. The PAE at this power level was 18_1(5%I.Ieviate this problem. Overall, the proposed power combiner

The estimated power-combining efficiency was thus about 83‘%tands as a strong candidate for medium-to-high power ampli-

which again demonstrates virtually no degradation in the coffication with high efficiency at milimeter-wave frequencies.
bining efficiency by vertical stacking. The power bandwidth of
the module as judged from 1-dB variation in the output power
was about 1 GHz, which was primarily limited by the band- [1]
width of the MMICs. This result demonstrates the feasibility
of the proposed power combiner as a building block for multi-
watt-level PAs at millimeter-wave frequencies.

Input power (dBm)
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