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Abstract—This paper proposes a new technique for reducing the 50
intermodulation (IM) distortion products in a high-power ampli-
fier (HPA) array. The proposed technique dissolves the relations
between carriers and IMs by applying IM phase control. As a re-
sult, IMs are distributed to all the output ports in the array, and
the carrier power to intermodulation power ratio (C/IM) of the
HPA array can be increased. The improvement in C/IM is as high
as10log N dB, where N is the number of HPAs. Newly devel-
oped even-order distortion implemented intermodulation distor-
tion controllers (EODICs) are used to achieve the IM phase control.
A test carried out using a four-parallel HPA array with EODICs
confirms that the technique noticeably improves C/IM and demon- 10 ‘ . . ,
strates its validity. 2 3 4 5 6 7
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satellite communication onboard systems.

Power efficiency versus thermal load of HPA.

In amplifiers, however, there is a tradeoff problem between
efficiency and intermodulation distortion (IM). Since mobile

N MOBILE satellite communication systems, demands faatellite communication systems use multicarrier transmission,
high-speed access and large capacity are increasing due tigh carrier power to intermodulation power ratio (C/IM) is

the advent of the multimedia era. To achieve smaller earth staquired. To maintain the C/IM at the level the system requires,
tion, such as handy phones, satellites are required to have highlg output backoff (OBO) level must be several decibels lower
effective isotropic radiated power (EIRP), and a high-power arthan the output saturation point. In the near-saturated region,
plifier (HPA) with kilowatt-class RF power. One effective meanthe power efficiency decreases by 5% for every 1 dB increase
of meeting these requirements is the use of an active phasiadthe OBO level [3]. Any reduction in OBO with high C/IM
array antenna system (APAAS) with a large reflector [1]. is valuable in increasing HPA efficiency and, thus, reducing the

Thermal loading becomes extremely large, however, thermalload. Many linearizers have been developed to compen-
systems with kilowatt-class RF components. This is a seriosate the nonlinear distortion at the OBO level of several decibels,
problem for satellites that are poor at removing heat. Fig.lut they are not strong enough to do so in the saturated regions
shows the relationship between power efficiency and thernidl-[6].
load required obtaining RF output power levels of 1-3 kW. The To address this problem, we have briefly proposed a novel
power efficiency of current on-board solid-state power ampliechnique for reducing IM and creating a highly efficient HPA
fiers (SSPAs) is approximately 25% in thf® and C-bands array [7]. This paper fully describes the principle of the tech-
[2], [3]. For example, it can be seen in Fig. 1 that to obtainique and a developed IM controller, and shows experimental
RF output power of 2 kW using SSPAs that have 25% powegsults obtained in applying IM control to an HPA and a four-el-
efficiency, the thermal load is approximately 6 kwW. To removement HPA array to confirm the basic function of the technique.
this thermal load, a satellite needs to be large in structure and
has to have a large payload. This entails high costs and, thus,
there is a need to greatly increase HPA efficiency.

. INTRODUCTION

Il. IM C ONTROL TECHNIQUE

Our proposed IM control technique effectively reduces IMs;
IM power is distributed, while carrier power is maintained.
Manuscript received May 11, 2001; revised December 26, 2001. Figs. 2 and 3 explain the concept of this technique. In an
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cc —
Divider matrix Combiner matrix Pin (dBm) = (prv (ABm) + 101og N (dBm))
—10log N (dBm) (2)
P FEEE H o
HYBl |HYB HyBl |HYB where P is the carrier output power at the output pdtty; is
the IM output power at the output popig is the carriers’ output
P21 H{ HPA|— T OPs power of an HPApyy is the IM output power of an HPA, and
Input ports Output ports N is the number of HPAs.
Therefore, the C/IM is expressed as follows:
Pl -rea | I-op, P
HYB| |HYB HYB| |HYB (C/IM)array = Po — Piv
Patl L HTfrPal-f oy = (pc + 10log N) — pim
. IM3 C C IM3 = (pc — pma) + 10log N
HYB : 90-degree hybrid coupler
= (C/IM)HPA + 10 IOgN (3)

Fig. 2. Balanced HPA array. Arrows show the spectra in the frequency band.

where(C/IM)...ay iS the C/IM of the HPA array at the output
port in decibels ang and (C/IM)upa are the C/IMs of a

©c IM3 M3 single HPA in decibels. Consequently, the improvement in the
$ ? * i C/IM becomeslOlog N.
Py — IMC HPA

| OPN M3 M3
1Py ] 0PN f f lll. IM C ONTROLLER
. . To achieve th€C/IM) ...y, improvement calculated in (3),
Divider Com- | " Output ports " : _
ports * |matrix ° biner | ® putp IM controllers should control IMs generated in each HPA to dis-
* ° matrix | ¢ M3 IM3 solve the relationship with carriers. The required functions for

IPn1— - f f the IM controller are: 1) IM phase control with small influence

— MG HPA _0P2 on carriers and 2) IM amplitude control with small influence on
N OP4 carriers. Our developed even-order distortion implemented in-
IMC : Intermodulation distortion controllers 3 GG ivB termodulation distortion controller (EODIC) satisfies these re-

guirements. We introduced the EODIC as a new linearizer [8].
Fig. 3. Balanced HPA array with IM controllers. Arrows show the spectra il €an compensate the HPA in tiseband at a lower OBO level
the frequency band. than the conventional linearizer. The EODIC showed high IM
control performance [9], [10]. A block diagram of the EODIC
is shown in Fig. 4. It consists of a two-way power divider, a vari-

This is because there are relationships between the carriers %W& P.hase shifter (VPS), a frequency dloubler, two variable-gain
harmonics; therefore, IM3s behave the same with carriers. SL?(mp“f'erS (VGAlL and VGA.Z)’ an amplitude modulator (AM),
an operation requires perfectly balanced 3-dB &@uplers and and an output-buffer a}mpln‘lgr. . .

identical HPAs. The harmonics play the same if the couplersWhen two-tone carmers W'.th frequencuaﬁand_wg are input
have a flat frequency response. Conventional couplers do ﬁ%{he EODIC, the input carrieSzon. are described as

have such a wide bandwidth; however, a low-pass filter at the A .

output of each HPA generally removes the harmonics. Thus, the Catone = Asin(wrf £ ¢1) + Asin(wel +92) - (42)
harmonics at output ports in this HPA array are not taken infghereA is the amplitude of each carrier, anpg and, are the
account. Fig. 3 shows aN-element balanced HPA array withinitial phase of each carrier.

IM controllers. The controllers can control the amplitude and The input carriers are divided into a linear and nonlinear path.
phase of the IM3s alone, with small influence on the carriers the nonlinear path, the carriers’ phases are shifted by a VPS,
If the IM amplitudes and phases can be randomized, the IMad the carriers’ amplitude is controlled by VGA1. Then

are spread to all the output ports frofdP; to OP . When

appear at portOP; and do not appear at port3P,—OPj,.

the carriers are input to the input pdit,;(1 < M < N), Chontin = A’ {sin(wlt + 1 + Aq&}"PS)

the output spectra of the output pdtP,, contain: 1) the _ , VpS

amplified carriers that are input from the input poRt,; and + sin (w‘zt + ¢y + Agy )}

2) the generated IMs in all HPAs. In this case, carrier power A" = fi(A, W) (4b)

is increased by voltage summation at the output ouPty,.

However, IM power is distributed to all the output ports. As awhere Cyon1in IS the output carriers of VGAL, and’ is the

result, IM controller improves the carrier power to third-ordeamplitude of each carrier at the output point of VGA1 and gain

intermodulation power ratio (C/IM3) at pof2P,,;. The com- function of V4. The control voltage of VGA1y!, andg} is the

bined carrier and IM powers can be expressed by the followipiase of each signal at the output point of VPS, of which each

equations: phase depends on the electrical length and cannot be controlled

by the VPS, and\¢,' TS and A¢y TS are the amount of phase

Pc (dBm) = pc (dBm)+ 101log N (dBm) (1) shift controlled by the VPS.
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Fig. 4. Block diagram of the EODIC and the relationship of spectra when two-tone cdrigrs. ) are input to the EODIC.

The carriers in the nonlinear path are then converted I practice, leaked input signals are contained in the output

second-order harmoniddl,, 45 by the frequency doubler spectra of the frequency doubler. However, these components
. r Iso filtered out.
IManqs = A’Z{ ( ¢ A‘PS) area .
2udf = sin(wif + g21+ Ady , The AM causes IMs to be generated in the fundamental fre-
+ Sin(th + oo + A¢¥PS>} guency band

AMou = Ot (K + - 1M} )

— qA”? {Sin2 (wlt + o1 + A¢}’PS)
=K - Ciin+ - Chin - IM3, 46 (4e)

.2 VPS
+sin (th + ¢+ Ak ) where AM,; is the output of the AMC};, is the input car-
+ 2sin (wlt 4 oy + A@'PS) riers of the AM via the linear path is a factor ofCy;,, which
has an almost constant valyg,s a modulation factor, which
} depends on the amplitudes and phaseS)gf andIM,,,; and

X sin (w2t + o2 + A(j);ms)
on the characteristics of the AM, such as added voltage. Here,

Alz 4 . . . -
= a2 {cos (2w1t + 2¢91 + 2A¢Y PS) AM,, consists of two terms. The first term is the carriers and
VPs the second term is the odd-order distortion. The third-order dis-
+ cos (2th + 2¢22 + 2A ¢, ) -2 tortions in the second terfiM3y,,.q¢ are given as follows:
+ 2cos ((wl + (UQ)IL/ + ¢21 + (f)gz + AQSYPS IM3f1mdf = [3 . Clin . IM/2ndf
+ AQZS;’PS) = A" {Sin (wlt + 31 + 2A¢YPS)
+ sin (w t+ 3o + 2A VPS)
— 2cos ((w2 — w1)t — P21 + Paa ot + P32 bo
_AGYPS 4 A(/)éfps) } (40) + 2sin (wlt + 3z + ApYTS + Aqﬁ;PS)
wherea is the conversion factor of the frequency doubler, and + 2sin (w2t + ¢3a + AG TS + A¢¥PS)

¢21 andgos is the phase of each signal at the output point of the

. VPS
frequency doubler, of which each phase depends on the elec- + Sm((zwl —wa)t + g3 + 2804 )

trical length of the path. + sin( (2ws — wy )t +
Equation (4c) contains dc, the harmonigs — w,, and the (( ? i+ das
second-order harmonicgv;, wi + w», and2w,. The dc and +2A¢§'PS)} (4f)

distortions in the low-frequency bang — w; are filtered out

" __ "
by VGA2. Additionally, VGA2 can control the amplitude of AT = f3(A, A7)

IMonar by VGA2 control voltagd/s. Thus,IMa,qs is expressed = f3(A, V1, Vo, i, B). (49)
asTMy,  as follows: The amplitude ofM3;,,,q¢, A", can be controlled by; andVs,
M), 4 = A {COS (2w1t 4 2001 + ZAd)}’PS) which are control voltages of VGA1 and VGA2, the frequency
doubler, and the AM in the EODIC, as expressed by (4g). Also,
+ cos (2w2t + 2¢a0 + 2A¢§’PS) $d3m(1 < m < 6) are phases of each signal, of which each
phase depends on the electrical length of the divider, linear path,
+ 2cos ((wl + w2)t + a1 + P20 nonlinear path, and AM, and cannot be controlled by the VPS.

N A¢\,YPS+A¢VPS)} The wireless communication system considered here is
1 2 narrow-band and, in this case, for the VPS phase shift,
A= fo(A, Vo, Q). (4d) it can be assumed thak¢™S = A¢pYPS. This assumes
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IM control and dc bias

dc bias

Fig. 5. Microphotograph of an EODIC fabricated on a GaAs monolithic microwave integrated circuit (MMIC). The chip measuresxX.8.énmm.

180 T T I T l T I T 10 T ‘I T l T I T T
Input Output
- —90 deg.[—
o Hyb.
kel
= 1201 GaAs 7 =
E varactor Vps %
® diode s
@ = = ©
= - O
Q.
o 60 -
g
[]
[an
Py I
-2 -15 -1 -05 0 05 Vg (V)
VPS control voltage: Vps (V) Fig. 7. Measured gain control performance of VGAL.
Fig. 6. Measured phase control performance of the VPS. 10
ApYPS = AgyPS = A¢VPS and also assumes;;s = ¢3; and ol ]
¢34 = P32 and, thus, (4f) is represented as | - |
IM3gundas = A’”{Ssin (wlt + 31 + 2A¢VPS) 10 - ) —
— Carrier —
+ 3sin (wzt + a2 + 2A¢VPS) 20 | J
+ sin ((2(4)1 — wz)t + ¢35 + ZA(ZSVPS) § -30 |- /
. : g f :
+ Sin ((2&)2 — wl)t + ¢36 + 2A¢)VPS) } g 40 |
4h g F .
(4h) E L ]
Therefore, when the VPS can control the phase frénoQ.8C, B :
the phase ofM3¢,,q¢ Can be controlled from9Oto 360. 60 |- R B _
In conventional linearizers, carriers in the linear path are af- - A |
fected by carriers leaking from the nonlinear path. In EODICs, -70 |- S IM3 -
the leaking carriers can be filtered out so that they will not affect -7 -
the carriers in the linear path. Therefore, EODICs have advan- -80

tageous distortion control performance. 18 -2 0.6 0

VGAZ2 control voltage (V)

IV. CONTROL PERFORMANCE ] ) )
Fig. 8. Amplitude control performance of the EODIC. The solid

The fabricated prototype EODIC was examined using a niikes designatePin = —5 dBm/tone, and the dotted lines designate
crowave wafer probe station. Fig. 5 shows a prototype EOD» = —10 dBm/tone.
fabricated on a GaAs chip. The VPS is composed of a 3-dB 90
hybrid coupler, two inductors, and two GaAs varactor diodes. The EODIC was tested with a two-tone carrier inpuifof=
The measured phase control performance of the VPS is shaiil7 GHz andfs = 2.518 GHz. In this case, the EODIC gen-
in Fig. 6. It can be controlled by about 180’he VGAL is com- erates two IM3s of 2.516 and 2.519 GHz. Figs. 8 and 9 show the
posed of a source-grounded GaAs FET, matching circuits, améasured carrier data of 2.517 GHz and IM3 data of 2.516 GHz.
bias circuits. The measured gain control performance achievBte total gain was approximately 2 dB for the carriers. The IM3
by controlling the gate bias is shown in Fig. 7. Since VGA2 haamplitudes versus VGA2 control voltage was measured using a
the same circuit structure as VGAL, it shows similar gain cospectrum analyzer, as is plotted in Fig. 8, for an input power of
trol performance. —5 dBm/tone (solid line) and 10 dBm/tone (dotted line). This
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Fig. 9. Phase control performance of an EODIC. The solid lines designate

Pin = —5 dBml/tone, and the dotted lines designBi@ = —10 dBm/tone. Fig. 12.
(a) Phase control performance. (b) Associated amplitude of phase control. The
VGAL1 control voltage compensates associated amplitude deviation.

Block diagram of a four-element HPA array.

carriers carriers

ATT Y} | [ 1 A4

SSPA Vector signal
analizer

Fig. 10. Experimental setup to measure amplitude and phase of carriers anc
IM3s generated in the SSPA with the EODIC. Two-tone carriers are input to the

s » freq.
EODIC. The output power and relative phase of carriers and IM3s are measurecC: carrier power \
via a vector signal analyzer. IMy,: secondary intermodulation power

IM,: primary intermodulation power

shows that, for an input power ef5 dBm/tone, the IM3 am-

plitude was successfully controlled over a 35-dB range, whifdy. 13. Output spectra in 27-tone evaluation.

the carriers kept a quite constant amplitude, deviating by only

1dB;,_;,. In addition, for an input power of 10 dBm/tone, the small change of only 2 ,. The phase control unfortunately

IM3 amplitude was controlled over a 20-dB range, while thproduces some amplitude perturbation due to the presence of

carriers again kept a quite constant amplitude, deviating by orggrasitic elements and the limited input-to-output isolation of

0.1dB,_,. the VPS. To overcome the perturbation, the VGAL control
The measured relative phase versus VPS control voltag@tage is adjusted in accordance with the VPS control voltage.

is shown in Fig. 9(a). The solid lines again designafEhis successfully compensates for the carrier and IM3 ampli-

Pin = -5 dBm/tone, and the dotted lines designataude deviations. As shown in Fig. 9(b), the carrier and IM3

Pin = —10 dBm/tone. It can be seen that the IM3 phasamplitudes are quite constant, deviating by only 0.3,dB

was controlled over a range of over 368y the VPS voltage, The carriers in Figs. 8 and 9 include the fundamental compo-

while the carrier kept an almost constant phase with a vemgnts that depend on the control voltage of VPS, VGAL, and
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Fig. 14. Output spectra of combiner matrix. (a) Output @R, , (b) Output portOP., (c) Output portOP ;. (d) Output portOP,. Those with (without) an
EODIC are shown on the right-hand (left-hand) side. The vertical axes plot output power (in decibels) relative to the maximumIpdwer of

VGA2, as shown in (4h). When the C/IM3 was over 30 dBThe center-carrier frequency was shifted to a slightly lower
the influence of the control voltages of VPS, VGAL, andrequency to measure thBM, and IM,;. The C/IM of the
VGA2 was minimal. However, when the C/IM3 was smalleR7-tone carriers,C/IM),u1; in dB, is given by

than 25 dB, the influence was recognized as carrier amplitude ,

deviation, as shown in Fig. 8. (C/IM)murti = € — IUIOg(IO(IMa/m) + IO(IMb/m)) . (5

We used a ZO—W—cIass SSPA and a vector signal analyze e 27-tone carriers are modulated by QPSK. The bandwidth
evaluate the amplitude and phase control performance of i

IM3s generated in the SSPA with an EODIC. The experimentgf5 MHz in the$-band. The center frequency is 2.518 GHz

setup is shown in Fig. 10. The measured amplitude and relat d the frequency spacing is 1.35 MHz. Output spectra of the

. . biner matrix are shown in Fig. 14. We monitored the output
phase of the carrier and the IM3s generated in the SSPA Weectra of all the output ports with a spectrum analyzer. The

antE?%ICB:grle sf;qwrSI gége _IQEIa:'\%aphs n Flg.tlTI, \(/jvhen T S control voltages were manually set to distribute IMs to all
outpu f ZVG%'IS h ' h'Ie th S were S:on rcl)'ted OVer fhe ports. VGAL and VGA2 were set to compensate for the loss
range ot over In-phase, while the carrers: amplitudes anty¢/pg depending on VPS control voltage. Those with (without)

phases were malnf[alned almost constant. . an EODIC are shown on the right-hand (left-hand) side. The ver-
The results confirmed that good control characteristics WEFE | axes plot output power relative to the maximum power of
obtained in terms of IM amplitude and phase, while those

the carriers were kept nearly constant. The IM control achievg a- The 27-tone carriers are input from input pirg . Without
. . ) ) . A EODIC, IM power was concentrated at the output part,
with an EODIC has little influence on the carriers, which is a P P b

. . X s shown in Fig. 14(a). The output spectrddf, andIM,; were
advantage over conventional linearizers. An EODIC can be %ry small at the other output ports. On the other hand, with
plied to the IM control technique proposed in Section II. :

an EODIC, IM power was evenly distributed to all ports from
OP; to OP4. At output portOP,, IM power with an EODIC
was 6 dB lower than for the case without an EODIC [5]. Car-
The proposed IM control technique was demonstraters are not shown in Fig. 14; however, in both cases, with and
experimentally using a four-element HPA array comprisingithout an EODIC, carriers had the same output power at the
20-W-class SSPAs in th&-band. The key to the proposedoutput portOP,. Therefore, C/IM was improved by 6 dB from
technique is that IM is controlled independently of the carrier81 to 37 dB at the output pof®P;. This result is consistent
An experimental block diagram is shown in Fig. 12. Arwiththe expected value ¢10log 4) dB calculated from (3). By
EODIC was located in front of each HPA. In this experimentsing the EODIC, at a C/IM ratio of 37 dB, the power-added ef-
multitone (27-tone) carriers were used to evaluate the effdittiency increases from 6% to approximately 11%, which is not
of the higher order distortion products. The number of highsuperior to a conventional linearizer. However, we confirmed
order distortion products increases with the number of carrighe proposed distribution technique. Our estimated C/IM ratio
because the products are produced from the combinationrefiuirement is above 26 dB for our planning satellite system,
carriers. The 27-tone carriers were located as shown in Fig. Ii¥erefore, the proposed technique should be demonstrated in a
All carriers were spaced equally, except for the center carrieear-saturated region. The developed EODIC did not generate

V. EXPERIMENTAL RESULTS OFHPA ARRAY
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sufficient IM power; it could not control IM of a saturated HPA. [5] S. Narahashi and T. Nojima, “Non-linear distortion compensation tech-

A redesigned EODIC will solve the problem. nigues of power amplifiers for mobile communication systemsProc.
IEICE Microwave Eng.1997, pp. 87-92.

[6] N. Imai, T. Nojima, and T. Murase, “Novel linearizer using balanced
circulators and its application to multilevel digital radio systeniEEE
VI. APPLICATION TO PHASED ARRAYS Trans. Microwave Theory Teghvol. 37, pp. 1237-1243, Aug. 1989.
] [7] Y. Nakasuga, T. Kaho, and K. Horikawa, “A novel technique based on
The proposed technique can also be adapted to an APAAS. In  power combining mechanism that yields HPA arrays with high power
an APAAS, when carriers are combined in-phase, the IMs are ig‘g'el’g in Proc. IEEE Phased Array Syst. and Techn2D00, pp.
leo combined m-pha_se becau_se of the agsoc_latlon between cak; K. Horikawa and H. Ogawa, “Even-order distortion enveloping method
riers and IMs. Accordingly, carrier beam direction and IM beam to linearizer saturated high power amplifiers, Riroc. IEEE MTT-S Int.
direction are almost the same. On the other hand, by using an_ Technol. Wireless Applicat. Symp997, pp. 79-82.
K . . y 9 {[‘9] T. Kaho, H. Okazaki, and T. Ohira, “A GaAs monolithic intermodula-
EOD|'C. When carriers are Co_mbmeq llj—phase, the IMs are NOL " tion controller for active phased array systems,Pioc. APMC'98 pp.
combined in-phase. The carrier radiation pattern and IM radi-  603-606. _ _ _ '
ation pattern can then be different. The IMs are controlled sét0 T-Kaho, H. Okazaki, K. Horikawa, K. Araki, and T. Ohira, “Improve-
. ment technique in the C/I of a high-power-amplifier array using inter-
that the_ IM controllers can treat_ them as a power summation,  modulation distortion controllers,” iRroc. RAWCON'99pp. 183-186.
C/IM is increased along the carrier beam directionibByog NV
dB. Since future communication satellite may use active phased
arrays having over 100 elements, the use of the IM control tech-
nique will improve C/IM by over 20 dB10log 100). The im-
provement will help to achieve high power efficiency in HPAs

and low power consumption in satellites.
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VII. CONCLUSION
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