2560 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000

An L-Band High-Efficiency and Low-Distortion
Power Amplifier Using HPF/LPF Combined
Interstage Matching Circuit

Kazutomi Mori Member, IEEEShintaro ShinjpMember, IEEEFumimasa Kitabayashi, Akira Ohtilember, IEEE
Yukio Ikeda Member, IEEEand Osami IshidaSenior Member, IEEE

Abstract—An L-band high-efficiency and low-distortion power In this paper, the high-pass filter/low-pass filter (HPF/LPF)-
amplifier using a high-pass filter/low-pass filter (HPF/LPF) com-  combined interstage matching circuit is presented. We calcu-
bined interstage matching circuit is presented in this paper. An late the load impedance of the driver-stage FET and the source
HPF/LPF combined interstage matching circuit can realize both . d f the final-st FET with six t f the int
the optimum load impedance of the driver-stage FET and the op- iImpedance 9 e- |n§1 -stage ] wi .S'X ypes orthe in e.r-
timum source impedance of the final-stage FET to achieve high effi- Stage matching circuits comprised of single- or two-stage fil-
ciency with a specified distortion. The circuit has been utilized ina ters, such as the single-stage HPF, the single-stage LPF, the
three-stage high-power-amplifier module, size of whichis 0.08 ctn  two-stage HPF, the two-stage LPF, the LPF/HPF combined, and
(7. mm x 7 mm x 1.7 mm). The amplifier achieves a power-added o HpF/LPF combined interstage matching circuits. Next, a
efficiency of 43.9% and an output power( P, ) of 27.1 dBm with itable interst tchi cuit idina both of th
an adjacent channel leakage power of-38 dBc at 1.95 GHz for suitable m_ ers age matc '”9 circuit providing - oth or the mea-
wide-band code-division multiple-access cellular phones. sured optimum interstage impedances for wide-band CDMA
specifications is discussed. Finally, we propose the HPF/LPF
combined interstage matching circuit, which leads to realizing
both the optimum source impedance of the final-stage FET and
the optimum load impedance of the driver-stage FET.

. INTRODUCTION We apply the proposed HPF/LPF interstage matching cir-

HE wide-band code-division multiple-access (CDMAPU“ to a three-stage high-power amplifier (HPA) module for
T system is a leading candidate for the global third-genergide-band CDMA cellular phones in order to provide both
tion mobile communication standard system. High efficienclggt'mu”_1 interstage impedances. The fundamental and second
low distortion, and small size are required for power amplifiefs@monic load impedances of the final-stage FET are also
used in wide-band CDMA cellular phones and several powgptimized py the output matc_hmg circuit. A multilayer ceramic
amplifiers for wide-band CDMA cellular phones have beepubstrate is used for reducing the size of the HPA module.
reported [1]-[3]. In providing high efficiency with a specifiedThe HPA module, size of which is 0.08 énf7 mm x 7 mm
distortion, source impedance and load impedance of thel-7 mm), provides a power-added efficiency (PAE) of 43.9%
final-stage FET must be optimized not only at the fundament@td an output power of 27.1 dBm with an adjacent channel
frequency [4], [5], but also at the harmonic frequency [6]eakage power (ACP) (5-MHz offset) ef38 dBc at 1.95 GHz.
[7]. It was indicated that the characteristics of the driver-stage
FET have to be adjusted to compensate the distortion of the
final-stage FET in achieving high efficiency with low distortion
[8]-[10]. It was also suggested in [8]-[10] that the optimum It is well known that the optimum load and source imped-
interstage impedances at large-signal operation are differantes of FETs at large-signal operation are different from
from those at small-signal operation. In such a case, we canttaise at small-signal operation. Besides, those optimum im-
realize both the optimum source impedance of the final-stagedances depend on the target performance of amplifiers, e.g.,
FET and the optimum load impedance of the driver-stage FHIgh efficiency at a specified distortion, high efficiency at a
because the interstage matching circuit has to be comprisedpécified power, and so on. In multistage power amplifiers,
lossless elements and the size of interstage matching cir¢hi final-stage FET operates in large signal condition. In ad-
has to be small. dition, it is considered that the driver-stage FET operates near
large-signal condition. Therefore, in addition to the optimum
load impedances of the final-stage FET [8]-[10], we have to
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Fig. 1. Configuration of power amplifiersZ.. rrr:: output impedance

of the driver-stage FETZ,.::: load impedance of the driver-stage FET. :[: I

Z11_rreT2: input impedance of the final-stage FEZ,»: source impedance of
the final-stage FET.
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Fig. 3. Six circuit types of interstage matching circuits comprised of single-

or two-stage filter circuits. (a) Single-stage HPF interstage matching circuit.

(b) Single-stage LPF interstage matching circuit. (c) Two-stage HPF interstage
matching circuit. (d) Two-stage LPF interstage matching circuit. () HPF/LPF

combined interstage matching circuit. (f) LPF/HPF combined interstage

matching circuit.
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Fig. 4. Circuits used for calculation of the interstage impedances. (a) Circuits
for calculation of source impedance of the final-stage EEJ-). (b)

Fig. 2. Measured interstage impedances. (a) Conjugate of measured outfp&t > ) -
ircuits used for calculation of load impedance of the driver-stage(EET;1 ) -

impedance of the driver-stage FEZ;, ., ) and measured optimum load
impedance of the driver-stage FEE out1_opt)- (b) Conjugate of measured

input impedance of the final-stage FEE, rr,) and measured optimum . . . . . .
source impedance of the final-stage F&Zhuz_opt ). configuration of the interstage matching circuit, which can

realize almost optimum interstage impedances.

impedance, and optimum source impedance of the final-stage
FET, respectivelyZss rrri, Zoust, anNdZoye1_opt are defined

as the output impedance, load impedance, and optimum loadn this section, we investigate the optimum interstage im-
impedance of the driver-stage FET, respectively. Generalpgdances in power amplifiers. First, we derive the optimum
the optimum impedanceB;,s o,y and Zou1_ope are different interstage impedances, i.e., the optimum source impedance
from the conjugate impedances @f; rrre and Zo prr1 Of the final-stage FET(Zin2_op,) and the optimum load

in large-signal operation. It is quite difficult to realize bottimpedance of the driver-stage FEZX,;1_opt) fOr power am-
optimum impedances at the two reference planes by usiplifiers. Next, the derived impedances are optimized to achieve
an lossless interstage matching circuit, particularly undbigh efficiency at the specified ACP 6f38 dBc for hybrid

the circuit scale limitation. Therefore, we have to investigagghase-shift keying (HPSK) modulated signal with the chip rate
the optimum interstage inpedances and the suitable circoft3.84 Mc/s for the wide-band CDMA cellular phones. Fig. 2

I1l. OPTIMUM INTERSTAGEIMPEDANCES
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Fig. 5. Calculated interstage impedances for six types of interstage matching circuits comprised of single- or two-stage filter cifcuits1(@ GHz,

Z3y ppr1 = 12.5 4+ 7 0.0 Q, andZ;| ppre = 2.0 + 5 0.0 ©2). (a) CalculatedZ;,,» for all types of interstage matching circuits. (b) Calculateg:, for the

single-stage HPF interstage matching circuit. (c) Calculatgd; for the single-stage LPF interstage matching circuit. (d) Calculdtgd; for the two-stage
HPF interstage matching circuit.

shows the derived optimum interstage impedarifgs .. and IV. INTERSTAGEMATCHING CIRCUIT
Zoutd _opt- NFIQ. 2,27, vpre andZ3, oy are the conjugate
of Z11 rrTe and Zss_prr1, respectively. Gate peripheries of As hasbeen shown in the previous section, the optimum inter-
the driver- and final-stage GaAs pseudomorphic high elestage impedances are different from conjugate of the output and
tron-mobility transistors (P0HEMTs) used are 5.8 and 17.5 mrifjputimpedances of the FETs. In such a case, we cannot simul-
respectively. Zinz_ope and Zow1_ope Were derived from the taneously realize the optimum source impedance of the final-
load—pull measurement results of the driver-stage FET and #tage FET and the optimum load impedance of the driver-stage
source—pull measurement results of the final-stage FET taking T because the interstage matching circuit has to be comprised
into account the distortion compensation of the final-stag¥ lossless elements and the size of the interstage matching cir-
FET by the driver-stage FETZ;; rrre and Zoo prr; Were  Cuit has to be small.
derived by theS-parameter measurement of the driver- and In this section, we discuss the suitable circuit type of the
final-stage FET because it is quite difficult to measure the inpiitterstage matching circuit. We investigate six types of inter-
and output impedances of the FETs at large-signal operatistage matching circuits comprised of only single- or two-stage
It is demonstrated in Fig. 2 that bothi,2 opt and Zoui1 ope  filter circuits because of the circuit scale restriction, such as the
are different fromZ;; . and Z3, -1, respectively. The single-stage HPF, single-stage LPF, two-stage HPF, two-stage
optimum interstage impedances move frofj, ppr. and LPF, LPF/HPF combined, and HPF/LPF combined interstage
Z%s rrT1 10 Zin2_opt @Nd Zoui1_opt With the increase of input matching circuits, as depicted in Fig. 3.
power of the FETSs. We calculate the source impedance of the final-stage FET
Therefore, we have to design the interstage matching cimd the load impedance of the driver-stage FET in the case of
cuit providing both of the optimum source impedariig, .,  Six types of the interstage matching circuits, respectively. The
at the input port of the final-stage FET and the optimum loadatching circuits are assumed to be lossless. The circuits used
impedanceZ,..1_opt at the output port of the driver-stage FETior calculation of interstage impedances are shown in Fig. 4.
to achieve high efficiency with the specified ACP. The source impedancs;,,» of the final-stage FET are calcu-
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Fig. 5. (Continued.)Calculated interstage impedances for six types of interstage matching circuits comprised of single- or two-stage filter cifcuits (at
1.95GHz,Z3, ppry = 12.5+50.0Q,andZ{| prre = 2.0 45 0.0 Q). (e) CalculatedZ,,,,;; for the two-stage LPF interstage matching circuit. (f) Calculated
Zus1 for the HPF/LPF combined interstage matching circuit. (g) Calculatgd; for the LPF/HPF combined interstage matching circuit.

lated from Z>2 w11 and circuit parameters of the interstagémpedance. The impedanceésto H, phase of which are dif-
matching circuit, as shown in Fig. 4(a). First, we derive thierent from each other at the input port of the final-stage FET,
matching circuit parameters, which realize the impedantesare transformed to the impedances on the same impedance cir-
to H for Z;,,2, as shown in Fig. 5(a). The reflection coefficientles at the output port of the driver-stage FET by the six different
between the impedancelsto H and Z;;_rrr2 have a magni- types of interstage matching circuits, respectively. It means that
tude of 0.25 and phase of x 45 (deg) ¢» = 0 to 7: integer), we can optimize the phase ofimpedances atthe same impedance
respectively. Next, the load impedangg,;, of the driver-stage circle by selecting the circuit configuration of the interstage
FET is calculated fron&;;_pgre and the derived circuit param- matching circuit.
eters of the interstage matching circuit for each impedahte The optimum interstage impedanc8s,i1_op: and Zinz_opt
H, as shown in Fig. 5(b). Calculation has been done in the cdeethe wide-band CDMA specification are also depicted as the
of Zoo prr1 = 12.5+ 7 0.0 Q2 andZ;_rrre = 2.0+ 5 0.0 dotted circles in Fig. 5. In Fig. 5(a), the impedandg¢sre lo-
in accordance with the derived optimum interstage impedanazged inZi,»_op¢. In Fig. 5(f) and (g), the impedancésare lo-
in Fig. 2. When the interstage matching circuit is comprised otited inZ,.1_opt, While the impedances are not located close
two-stage filter circuits, the impedance between the first- amol Z,,:1_op: in Fig. 5(b)-(e). Therefore, it is demonstrated that
second-stage filter circuits are assumed toslie+ j 0.0 €2, we can obtain almost optimum source impedagge o, Of
which is equal to/Z; rrT1 X Z11_FET2. Zout1 aNdZin, are  the final-stage FET and load impedar#€g;:: o Of the driver-
calculated for the interstage matching circuits comprised of tetage FET by employing the HPF/LPF or LPF/HPF combined
lumped elements. interstage matching circuits. In the cases of the single-stage
Fig. 5(a)-(g) shows the calculated],» and Z,,;; on the HPF, the single-stage LPF, two-stage HPF, and two-stage LPF
Smith charts. Fig. 5(a) presents the calculatgd for all types interstage matching circuits, the impedarig;; is not close
of the interstage matching circuits. Fig. 5(b)-(g) shows the cadb Z,.:1_op. When the impedancs;,, is matched t&i,2_ope SO
culatedZ,,;; for each type of the interstage matching circuitthat we cannot realize both the optimum interstage impedances.
The impedancesl to H in Fig. 5(b)-(g) correspond t&,,;1, Therefore, we propose the HPF/LPF or LPF/HPF combined in-
whenZ;,» are matched to the impedancédo H in Fig. 5(a), terstage matching circuits in the power amplifiers for wide-band
respectively. It is clearly demonstrated in Fig. 5 that, if we us@DMA cellular phones.
different type of interstage circuit, the load impedatfg;; is In other words, it is important to point out that we have to se-
matched to a different value whilg,,> is matched to the samelect the suitable circuit type of the interstage matching circuit if
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Fig. 6. Schematic diagram of the developed three-stage HPA module using HPF/LPF combined interstage matching circuit.

the optimum interstage impedances change in accordance with
the specification of the power amplifiers or the characteristics
of the employed devices.

V. DESIGN OF THREE-STAGE HPA MODULE

Fig. 6 shows a schematic diagram of the developed
three-stage HPA module. GaAs pHEMT device has been used
to realize high-efficiency and low-distortion characteristics.
The gate peripheries of the first-, second-, and third-stage <4+—— 7.0 mm—p
pHEMT are 1.5, 5, 8, and 17.5 mm, respectively. The proposed
HPF/LPF combined interstage matching circuit is applied fdg: 7. Developed three-stage HPA module, size of which is 0.08(@mm

. . ; . . 7 mmx 1.7 mm).
the two to three interstage matching circuit to provide both

44— 7.0 mm—p

at both the fundamental and second harmonic frequencies.
The optimum impedances are derived from load—pull and

optimum source impedance of the third-stage pHEMT and 30 : : : - 0
optimum load impedance of the second-stage pHEMT. In this 27laBm._ | L L
HPA module, we do not use an LPF/HPF combined interstage 25 o ; /‘/ 10
matching circuit, but employ HPF/LPF combined interstage 3stage HPA ‘ f
matching circuit. The circuit size can be reduced by using the " i;lz'isﬁ,ﬂz 1 / i 20T
bias short stab and dc block capacitor as the role of the parallel _ HPSK | ‘ ! | 2
inductor and series capacitor, respectively, in the HPF/LPF é 3.84Mc‘lps /Pout | I 5
combined interstage matching circuit. The output matching 515 . j } 3 ‘3°<Zﬂ
circuit is designed to achieve the optimum load impedance £ / /.33,0d3c "
I
! |

._.
" >
|
\
\
é |
@)}
-~
N
NJ
m% I
3 3
ACP

source—pull measurement for the third-stage pHEMT. The ‘ i SRl
one to two interstage matching circuit is designed to provide w |
small-signal matching impedances because the first-stage FET 0 i i l | 60
is considered to operate in small-signal condition. 20 15 a0 5 e

Pin [dBm)]

VI. EXPERIMENT i
Fig.8. Measured output poweP,.. ), ACP, and NACP of the developed HPA

Fig. 7 depicts the photograph of the developed three-stagedule.
HPA module. The multilayer ceramic substrate is employed to
reduce the module size. The HPA module size is 0.08@mm offset) of the developed HPA module at 1.95 GHz. Fig. 9
x 7 mmx 1.7 mm). presents the PAE and the drain currdptof the developed
Fig. 8 shows the measured output podrsy:, ACP (5-MHz HPA module. An HPSK modulated signal with a chip rate of
offset), next adjacent channel leakage power (NACP) (10-ME&z84 Mc/s was used. The supplied drain voltdgeis 3.5 V
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Fig. 10. Measured-parameters of the developed HPA module.
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and bias condition is Class AB. The HPA module achieve& ]
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of 43.9% and an output power of 27.1 dBm with an ACP
(5-MHz offset) of —38 dBc at 1.95 GHz. It was verified that
the proposed HPF/LPF combined interstage circuit is useful to
realize high efficiency with the specified distortion of HPAs
used for personal cellular phones.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

18

(9]

a PAE of 43.9% and an output power of 27.1 dBm with an

ACP of —38 dBc and an NACP 0f49.1 dBc. An associated

gain of 27.7 dB and a drain current of 334 mA were obtained.
High efficiency with the specified distortion characteristics are
achieved by using the proposed HPF/LPF interstage matchinn

circuit. Fig. 10 shows the measuregtparameters of the
developed HPA module. A linear galfy; of 28.5 dB, an input
return lossS;; of —8.2 dB, and an output return loss, of
—11.2 dB were obtained at 1.95 GHz.

VIl. CONCLUSION

Ll
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