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Ku-Band High-Power Amplifiers in Portable
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Abstract—A novel power-amplifier scheme is presented in this consumption at low output power is a crucial factor and must
paper that realizes highly efficient transmission power control phe minimized.

(TPC). The output power is controlled without sacrificing high This paper describes the efficient TPC scheme called the

power-added efficiency by combining multiple amplifiers with itch lfi itchi h " and it f
different power levels. Unique switching and impedance matching SWItChiess amplifier-switching scheme™ and IS pertormance

techniques make it possible to eliminate RF switching circuits €Stimation. It also describes the experimental results for a
and their associated power losses. This direct coupled architec- developed 25-dBm clas& w-band HPA. The TPC scheme

ture is called the “switchless amplifier-switching scheme.” The makes it possible to construct low-power-consumption HPAs

requirements for realizing the novel power amplifiers used in that are suitable for portable user terminals
this scheme are estimated, andKu-band amplifier monolithic '

microwave integrated circuits (MMICs) that follow this scheme
are fabricated. The capabilities of the scheme are confirmed by
testing these MMICs. Finally, a novel power amplifier incorpo-

rating the developed MMICs is constructed to demonstrate itS o Tpe fynction is conventionally achieved through gain
performance. Experimental results show that the amplifier can

achieve a significant reduction in dc power at low output power control at the preamplifier. The FETSs or high electron-mobility

Il. CONVENTIONAL TPC SCHEME

levels under TPC. transistors (HEMTs) in an HPA must be operated in the class-A
Index Terms—DC power reduction, high power amplifier, satel-  OF €lass-AB bias region at high frequencies, i.e., fe-band,
lite communication, transmission power control. to obtain useful gain. However, the input power range of an HPA

with high power-added efficiency (PAE) is very narrow with
class-A or class-AB operation. When the input power of the
HPA is decreased for TPC, the efficiency drastically decreases.
HERE IS A growing demand for high-speed portable wirdn other words, the HPA consumes dc power at almost a con-
less terminals that offer rapid network access anywhere séant rate regardless of its output level. Thus, in we-band,
Kwu-band multimedia satellite communication system has bean HPA that employs a conventionally implemented TPC func-
proposed as one solution because it offers high transmisstmmn wastes dc power in clear weather.
capacity and wide coverage area [1], [2]. The key componentAnother scheme for implementing the TPC function in-
of the system is a high-speed user portable terminal. The teolves gain control of an HPA through bias voltage control of
minal must be small, lightweight, and inexpensive, thus, lowhe devices. While gate bias voltage control causes linearity
power-consumption and high-cost-performance RF circuits ategradation, making it unsuitable for the TPC function, drain
required. Among the terminal components, the high-power almias voltage control offers a compromise between efficiency
plifier (HPA) consumes the most power. Thus, the HPA's effand output power for HEMT HPAs [3], [4]. This latter scheme
ciency must be improved for long battery operation. can expand the high PAE region. However, achieving real-time
The user terminal uses a small antenna with broallain bias control with high efficiency for power supply is
beamwidth. Therefore, the output power must be limited &xtremely difficult. It is also difficult to apply such a scheme
ensure that it does not interfere with other radio communices MESFET HPAs because the reflection coefficients of
tion systems. The propagation loss between the terminal ai&SFETSs vary greatly with drain voltage.
satellite depends on weather conditions, i.e., the well-knownSwitching among several HPAs that have been designed for
rain-attenuation effect. Thus, user terminals will require @ifferent output levels is another way of realizing the TPC func-
transmission power control (TPC) function to handle raition in portable user earth terminals. Although this means that
attenuation; i.e., the output power has to be controlled so thhé HPA output takes discrete levels, this is enough to compen-
it is low in clear weather and high in rainy weather. Sinceate the rain attenuation. An HPA configuration in which TPCis
user terminals are mainly used in clear weather, the powshieved by switching is shown in Fig. 1. Only one amplifier is
set to theoN state at any one time. The switches are connected
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The requirements for the switchless switching amplifier
scheme were estimated. Fig. 4(a) shows the circuit diagram and
Fig. 4(b) shows the simulation results. The load impedances at
ports 1-3 ar&Zy, Zy, andZs, respectivelyS21 shows the ratio
of port-2 output to port-1 inputZs is the input impedance of
the oFrFstate amplifier, including the transmission line. Since
tt(l)ﬂe maximized impedance is obtained at the point where the

A technique that improves the isolation and a solution angle of thes-parameter equals zero, the imaginary part of the
the tradeoff problem were briefly reported in [5]. Both can be 9 P a ' ginary p

. . R ; |m0pedance equals zero. Therefore, the load impedance was
achieved by puiting transmission lines between the switch A€ated as resistance in this simulation. The resulg2afshow

the amplifier, as shown in Fig. 2. The input or output impedan?ﬁat low-insertion loss is achieved with hidgh values.Z5 has

of each af“p"f.'er from the ?Wltcm(”) or Z‘?(n.) varies ,Wlth to be more than four time3, to hold the insertion loss to under
transmission-line length. Since the transmission lines’ charac- . .

L e .0 dB..531 shows the ratio of leakage to port-3 to port-1 input.
teristic impedanceg&, are matched to the amplifier’s input an

; S he 531 results show that leakage to tberstate amplifier is
output impedance, transmission line lengtioes not affect low if Z3 is high. Therefore, high power-handling capability is
the oN-state impedance of the amplifier. TloeFstate input 3 gn. - NIgn p g cap y

or output impedance of an amplifier differs from isi-state also achieved with higis.
impedance. If the conductor loss of the transmission line i
low, the impedance variation due to transmission-line length i
maxim at the point where the angle of thgparameter equals Three different amplifier MMICs were fabricated with a
zero at a target frequency. It follows that when the length of tlie5:m GaAs MESFET process to provide 5 dB of TPC.
transmission line is determined so as to maximizedfrestate They have a common-source configuration. Their matching
input or output impedance of each amplifier, including theircuits were simultaneously optimized by gain matching at the
transmission line, the isolation at the switch is improved. Thidass-A bias point, where drain curredil§) is 0.6 times the
allows the use of low-insertion-loss switches. saturated drain current, and by impedance mismatching in the
If the impedances of all branches, except thestate am- pinchoff region, wherdds is zero. Fig. 5 shows the gate bias
plifier, approach infinity, the switches can be removed, whicholtage § gs) versus/ds characteristics of a typical FET. The
realizes a novel HPA with the TPC function. This HPA congatewidth is 1.6 mm. Pinchoff occurs whéfgs is less than
figuration, called the “switchless configuration,” is shown in-1.7 V. Thus, the pinchoff bias voltage was settd.0 V for
Fig. 3. An HPA with the switchless configuration is expectedach amplifier.
to have the advantages of lower cost, lower insertion loss, andlwo of the amplifiers 47,1 and AL2) have a gatewidth of
greater power-handling capability because it does not use the®R&E mm and were designed to achieve 20 dBm of saturated
switches of the conventional switching scheme. To realize ttostput power Psat). The other AH1) has a gatewidth of
novel HPA, the matching circuit design should ensure high €f-:6 mm and was designed foF&at of 25 dBm. The drain bias
ficiency and output power, and large mismatch indife state. voltage {¢’ds) was set to 10.8 V in each amplifier during all

Fig. 3. Switchless HPA configuration.

I1l. SWITCHLESS AMPLIFIER-SWITCHING SCHEME

1V. PERFORMANCEESTIMATION WITH FABRICATED MMICs



OKAZAKI et al: EFFICIENT TPC SCHEME FORY{ u-BAND HIGH-POWER AMPLIFIERS 1169

300 B off-state
L d PA MMIC
L i (AH1 or AL2)
—_ 2001 3 -
< L ]
E L ]
) L ] MS /CPW
B 100 -— transformer
- . " = 2
i 1 CPW/MS
ob 1 1 4 transformer
-20 -1.5 -1.0 -05 0.0 #1 = /
Vgs [V]
Fig. 5. Vgs—Ids characteristics of a typical FET. MS: microstrip

CPW: coplanar waveguide

Fig. 7. Layout of the test circuit.
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Fig. 8. Insertion loss of the test circuits.

due to the inclusion of the appropriate transmission Iind he
results weresZ, for S11 of AL2, 4Z, for S22 of AL2, and
107, for S22 of AH1 with 105, 115, and 115 transmission
lines, respectively. The results fetL1 were nearly same as
AL2. Thus, the three fabricated amplifier MMICs with trans-
mission lines were able to fulfill the switchless configuration
requirements described in the previous section.

_ _ N . 3 Two test circuits containing a fabricated amplifier MMIC
O e aencan (‘L2 07 AH1) were constructed to measure the performance
coefficient.B: oFFstate reflection coefficient: simulatedon-state reflection Of the switchless scheme (Fig. 7). The transmission lines
coefficient with the transmission lineD: simulated oFr-state reflection were realized as microstrip lines on 38@s-thick alumina
coefiicient with the transmission line. substrates. The length of the microstrip lings, was 90

at 14.25 GHz (2.04 mm) for both MMICs. This value was

measurements. Each amplifier is switched on or off by usimgtermined by the method outlined in Section 1ll, and the
the gate-bias switching method, which switches the gate bidifference from the previous value is due to the consideration
between the class-A bias region and the pinchoff bias regiaf.bonding wire length. The insertion losses at various input
This method is simpler and more reliable than drain-bigmwers at 14.25 GHz are shown in Fig. 8. The insertion losses
switching and can be used with the burst-mode operatian low-input levels withAH1 and AL2 are 1.0 and 1.2 dB,
technique [6]. respectively. They include the loss of lines, wiring, and the

Fig. 6(a)—(c) shows examples of the variation in the refletransformers between the microstrip line and the coplanar
tion coefficient of the fabricated amplifier MMICs. Fig. 6(a)waveguide. The measured results agree well with the simu-
and (b) shows the input reflection coefficietsti(l) and output lation results shown in Fig. 4(b). The insertion loss degrades
reflection coefficient §22) of AL2 at frequencies betweenat higher input power levels because the excess leakage to the
14.0-14.5 GHz, respectively. Fig. 6(c) shows ##2 of AH1 MMIC alters theoFFstate reflection coefficient of the MMIC.
for the same frequency bandi—D in each figure are the It is constant if the input power is less than 26 dBm for the
measuredon-state reflection coefficient, measureg~state test circuit with A2 and 30 dBm for the test circuit with
reflection coefficient, simulatedN-state reflection coefficient AH1. This means that the switchless configuration gives the
with the transmission line, and simulategrstate reflection fabricated MMICs the power-handling capability of 5-6 dB
coefficient with the transmission line, respectively. Eachver theorFrstate amplifier'sPsat. P¢(1dB), the input power
MMIC’s ofrstate reflection coefficient (i.eB) became high where the insertion loss increases by 1 dB compared to the
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insertion loss at lower input levels, is an important factor in 20p ”2 -
switches. The”?i(1dB) of the test circuit withAL2 is 32 dBm; E sk P
for the one withAH 1, we estimate the value to be 42 dBm. S f ]
Excess leakage often causes intermodulation within the § 10F _ ]
MMIC devices. Fig. 9 shows the results of two-tone mea- e O R oniAzo
surements with a 37-dBm-class amplifier and the test circuit SE e nput-oupuz E
e . N of on .
connected at the output port of the amplifier. The input frequen- N T
cies were 14.250 and 14.251 GHz. The characteristics of the 0 5 10 15 20
amplifier without the test circuit are also shown for reference. Pin [dBm]
Although some increase in third-order intermodulation prod- (b)

ucts (IMS) with AL2 are observed, they are small at re‘quiregig. 10. Input—output characteristics of the circuit with the input switchless
output power levels of less than 22 dBm per tone. These resubsfiguration. (a) Block diagram. (b) Results.

show that the switchless configuration has the ability to handle

25 dBm of output power with low insertion loss.

30 E—0—Pout (inputt - output) 3 40
F —Pout (AH1) ]

V. EXPERIMENTAL RESULTS AND DISCUSSIONS inputt

20:— —: 30
A. Input or Output Switchless Configuration ]

output 20
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Fig. 10(a) shows a block diagram of the circuit constructe:
to confirm the performance of the input switchless configu "2
ration. The microstrip transmission line was constructed on
380:m-thick alumina substrate. Line lengtl#g() and@:(l), A2 3258 class amo. i
were determined to be 9@2.04 mm) and 95(2.14 mm) for 0 5 10 15 20 25
AL1 and AL2 at 14.25 GHz, respectively. They were calcu- Pin [dBm]
lated considering the bonding wire length. Fig. 10(b) shows () (b)
the measured input—output characteristics at 14.25 GHz. Due SRR LAY AL LAkl LA T

T
to the limitation of the measurement system, the output port of 30 12561 40

theoFrFstate MMIC chip was open. The results were similar to - et
those for the MMICs. The difference, less than 0.5 dB of gain
degradation, was due to the insertion loss with the switchless
configuration.

Measurements to confirm the performance of output switch- " ]
less configuration were also carried out using the circuit shown 10 Fo - PAE (npu2 - oupun]
in Fig. 11(a). Microstrip transmission lines length(h) and ST
fo(l) was determined to be 9@t 14.25 GHz (2.04 mm) for 0 5 10 15 20 25
both AL2 and AH1. They were again calculated considering Pin [dBm]
the bonding wire length. The circuit has two input ports. When ©
the signal is input to “inputl,” the lower amplifietd(L2) is Fig. 11. Input—output characteristics of the circuit with the output switchless
off and the upper one4L2 + AH1) is on, while when the configuration. (a) Block diagram. (b) Results (inputl-output). (c) Results
signal is input to “input2,” the lower one is on and the uppé'rnpmz_oumun'
one is off. The input port of therFstate amplifier was open for
the same reason described above. Fig. 11(b) and (c) showsN®ICs AH1 and AL2 are also shown for comparison. The re-
measured input—output characteristics and PAE for each cas#is were similar to those for the MMICs, except for a slight

at 14.25 GHz. The characteristics of the final-stage amplifidegradation in gain and output power.

Pout [dBm]

Pout [dBm]
|
8
[%] 3vd
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Fig. 13. Frequency response of the HPA. (a) High-power mode.
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Fig. 12. Fabricated HPA with the switchless configuration. (a) Block diagram.
(b) Photograph. 35 +’ LA "'1'4"2'5'(;,'11"42 7
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B. Input and Output Switchless Configuration a5k 3s
Fig. 12 depicts a block diagram and photograph of the HPA E 20§ W2
with the input and output switchless configuration. The HPA 3 F 15
consists of two- and three-stage amplifiers. The input and output ‘é 15f Js%
transmission lines used are described in Section V-A. In the & of 3 2
high-power mode, the two-stage amplifier is off and the three- F —A— Pdo (high-power mode) J
. . . n —¥— Pdc (low-power mode} ]
stage one is on, while in the low-power mode, the two-stage i P — 11
amplifier is on and the three-stage one is off. ok do

A transmission line was set in the middle of the two-stage
amplifier to increase its stability in the high-power mode. It was
a 502 microstrip transmission line on a 380wn-thick alumina
substrate. The length of the line, i.8m(1), was determined to
be 90 at 14.25 GHz (2.04 mm) so as to ensure that the clockwise
loop leakage had phase opposite to that of the input signal. Using
the line increases the stability of the HPA, although there is some
gain degradation in the high-power mode. The HPA was stable
during the following measurements in both modes.

The measured frequency responses of high- and low-power
modes are shown in Fig. 13(a) and (b), respectively. In the high-
power mode, the gaif21 was between 14.2-14.7 dB for fre-
quencies between 14.0-14.5 GHz. In the low-power mode, it
was between 10.9-11.9 dB for the same frequency band.

The input—output characteristics and dc power consumption
of each mode are shown in Fig. 14. The measured frequency was

14.25 GHz. The output powers of the 1-dB gain compressiig- 15.

point (P 45) of the high- and low-power modes were 24.5 and

Fig. 14.

Input—output characteristics and dc power consumpkeit ).

Pdc [W]

Power consumption of the HPA and three-stage amplifier.
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(b)

18.8 dBm, respectively. The power consumption of the higlause of the use of the additional transmission line for stability,
and low-power modes &t; g were 2.52 and 0.71 W, respec-the HPA had 3 dB of TPC range with amplifier switching only.
tively. Due to the gain degradation in the high-power mode betowever, we were able to expand the range of TPC to 5.7 dB
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C i AR AR RARAL AR has been described in this paper. The scheme has the advantages
[ high-power mode 1.2 1 . h .
[ 1: 14,250 GHz . ] of lower cost, lower insertion loss, and better power-handling
20 |-f2: 14.251 GHz — . . L .
- ] capability than the conventional switching scheme because it
< 10 E eliminates RF switches by using short-length transmission lines.
£ ] Ku-band amplifier MMICs were designed and found to satisfy
E oF 3 the proposed scheme’s requirements. MMICs were fabricated
o C ] and found to offer insertion losses under 1.2 dB at input power
% 10 - levels of less than 26 dBm. Amplifier MMICs and transmission
3 : lines were used to construct a 25-dBm class HPA, in which the
a 20 3 B TPC function was achieved by activating the two amplifiers se-
30k E lectively. The HPA demonstrated 5.7 dB of TPC and a 70% dc
E /et i ] power reduction in the low-power mode. Since it can provide
Y Y A TN T T TPC while minimizing HPA power consumption, it will yield
-10 0 10 20 very efficient portable user terminals for satellite communica-
Pin [dBm/tone] tion systems_
(@
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