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A New GaAs Variable-Gain Amplifier MMIC with a
Wide-Dynamic-Range and Low-Voltage-Operation
Linear Attenuation Circuit

Masahiko Inamori, Kaname Motoyoshi, Takahiro Kitazawa, Katsushi Tara, and Masahiro Hagio

Abstract—A 40-dB dynamic-range variable-gain amplifier Linear 1st Amp. 2nd Amp.
(VGA) designed for the code division multiple access (CDMA) Attenuator VDD VDD2, 0UT
cellular phone has been developed. A wide-dynamic-range VGA '
under a low control voltage of 2.0 V, compatible with high linearity
and low distortion characteristics, essential for CDMA, is realized ION_ 0 s
by the new gain control technique. It greatly contributes to the "
high performance and small size of RF circuits for CDMA cellular o | ?
handsets. Ve

. INTRODUCTION GND GND

HE code division multiple access (CDMA) cellular phoncla:_ 1 Cireuitd  the VGA
system is expected to be the world standard because g~ Hreut diagramotthe '

the potential for high-capacity and high-quality communica- . . . .
tion.pOutput powergcontrgl is Zssential%‘orqthe gDMA ceIIuIz;?}WO'Stage amplifier. The linear attenuator positioned just be-

phone system because CDMA system has to solve the nearJAF the two-stage amplifier contro!s the input signal from the
uRconverter by the externally applied control voltdge The

problem. The demand for the higher performance variable-gali

o . controlled power is amplified by the following constant gain
amphﬂe_r(\_/GA) has been growing as the CDMA CeIIUIarphon?wo—stage amplifier and outputted from the drain of the final
system is introduced worldwide.

stage FET (VDD2). The linear attenuator is essential in the

VGA's for the CDMA system have been required wid . . )
dynamic range and high linear gain control as well as Iow-d%l-GA for CDMA because it substantially determines the dy-

tortion characteristics over the variable output power levd|2MIc range, linearity of the gain control curve, and distortion

In addition, low voltage operation is requisite to reduce thceharactenstlcs.

handset size. Several approaches of variable gain function sechy inear Attenuator

as VGA's and variable attenuators were reported with excellent _ _ _
characteristics by using GaAs MESFET's [1]-[6], but they Conventionall attenuator consists of one series FET and two

could not simultaneously satisfy wide dynamic range, higﬂ“mt F.ET,S’ as shown in Fig. 2@' Fig. 2(b) shows the example
linear gain control, low distortion, and low voltage operation. of a,gam control curve of a series .FET and that of two shunt
This paper describes a VGA that controls the output powE’ET s. Each dy”?‘m'c range and gain slope (GS) are 15 dB and
with wide dynamic range of 40 dB required for the RF part amp dP/V fora SEeres FET and 1_4 d|_3 and 46 dB/v fo’r two Sh‘”?t
low adjacent channel leakage power ratio (ACPR) of less thFFrT S, respectively. Th_e comblnatl_on pf these FET's results in
—53 dBc sufficient for the CDMA system under low controf€SS than 30-dB dynamic range, which is not enough for CDMA.

voltage(V,,) from 1.0 to 2.0 V. Such high performance suitabl Is.o, there is a kind of shoulder pointin thg gain con.t.rol curve,
which is a serious problem as a CDMA driver amplifier. Such

for CDMA is achieved by the new gain control technique in ’ e . X
geniously combining a couple of series FET's and a couple r%?nllneanty is due to the dlscrepancy of the turn Qn/off point of
shunt FET’s to obtain linear gain control function. the shunt FI_ET and the turn off/on point of the series FET. _
The new linear attenuator solves the problems of conventional
IT attenuator and attains highly linear gain control and wide dy-
Il. DESIGN OFVGA namic range. The new linear attenuator consists of cascaded
A. Configuration dual-series FET’s and shunt FET’s, which has a kindIct-

The circuit diagram of the newly developed VGA is showienuator configuration, as shown in Fig. 3(a). Fig. 3(b) shows

in Fig. 1. The VGA consists of the linear attenuator and tHeACh gain control curve such as two shunt FET's of FET3,4, a
series FET of FET1, and a series FET of FET2. To achieve the

wide dynamic range of more than 40 dB, the new linear atten-
uator uses cascaded dual series FET’s inItagtenuator. Each

Manuscript received October 28, 1999. _ series FET sequentially turns off/on to smoothly connect each

The authors are with the Discrete Device Division, Matsushita Electronics . | It in hiah li . . |
Corporation, Kyoto 617-8520, Japan. gain co.ntrol curve, resulting in hig inearity gain control, as

Publisher Item Identifier S 0018-9480(00)00857-7. shown in Fig. 3(b). The dynamic range and GS of two shunt
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Fig. 2't' (a)[HCig:uit (:iagram and (b) attenuation characteristics of tlﬂl‘—"a'lg.S. (a) Circuit diagram and (b) attenuation characteristics of the new linear
conventionalll attenuator. attenuator.
FET’s, which is similar to that of a series FET, are 14 dB an ] |
46 dB/V. veVIA Series FETt | Series FET2 | Shunt FET3, 4
To connect each gain control curve smoothly, thesequen- 2.0 Pout
tially turn on/off the series FET’s and shunt FET’s referring t Vrefa-vth |
the bias voltage$Vicr, Vierz, @and Viess), and each threshold -
voltage(V4;,) of FET's, noted as shown in Fig. 4. Each referenc Vref3-Vth-0.3V [
voltage is designed to overlap the gain control curve of ea =Vref2sVema. 3V}
FET, obtaining a highly linear gain control curve, wide dynami Veef2+Vth
range, and low distortion at every point on the gain contre Vref1+Vth
curve. Vs and theVy, determine the complete turn-off point  '-°
of FET1 in Fig. 3(a). In the region of,. < Vief1 + Vin, FET1,2
are off state and FET3,4 are on state, resulting in the lowe Pout min- Pout ‘Pout max

output power. In the region df;er1 + Vi < Ve < Viero + Vins

FET1 changes its on resistance dependinyyomvhile FET2 is —

off state and FET3,4 are on stalg. is assigned to smoothly [ J:th state ofFET for Lawer Output Power

connect the on—rgsstance Ya“atlon curve Qf FET2tothe t”m'%‘. 4. Sequential operation of the new linear attenuator.W:heequentially

point of FET1. It is approximately 0.2 V higher thafi.c; be-  turn on/off the series FET’s and the shunt FET’s referring toithg,, Viers,

cause linearly varying region of FET’s on resistance is less th#is, and eactt, of FET's.

0.3 V. In the region oV,o2 + Vi < Vo < Ve + Vi, + 0.3 V

(= Viers — Vi, — 0.3 V), FET2 changes its on resistance whilé’, < Vierz + Vi, + 0.3 V(= Viers — Vi, — 0.3 V) in order

FET1,3,4 are on state. In the region Gty + Vi, + 0.3 V  to prevent the degradation of distortion characteristics in the

(= Viets — Vin — 0.3 V) <V, < Vi3 — Vi, FET3,4 change low-gain condition.

its on-resistance toward complete off state, while FET1,2 are onlin the present linear attenuafdr,; of 1.5 V.. of 1.7V,

state. Viers 0f 1.3V, and each,, of —0.5 V are designed to achieve
The shunt FET3, which is positioned between the inputide dynamic range of 40 dB with high linearity under low con-

terminal and FET2, diverts the input signal in the region dfol voltage of less than 2.0 V. Each reference voltage is provided

: the state of FET for Higher Output Power
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Fig. 5. Output power characteristics of the VGA as a function of control

voltage. The new VGA shows wide dynamic range of 40 dB with dB Fig. 6. ACPR characteristics of the VGA as a function of control voltage,

linearity. measured at 900-kHz offset from the carrier. It should be noted that the new
VGA indicates almost no distortion under the region of 0 to 1.5 V.
by the resistor bias circuit in the VGA monolithic microwave IN RDS#RDSmin oyt
integrated circuit (MMIC). As a result of these optimizing bias
of series and shunt FET's, the newly developed linear attenu-
ator has the wide linear dynamic range under the low control
voltage. RDS
#RDSmin

C. Two-Stage Amplifier

@

The VGA is positioned between an upconverter and power-

amplifier module. The power gain of the two-stage amplifier is RDS1
designed to be more than 26 dB in the gain diagram of the cel-
lular phone system. The amplifier uses a self-biased FET for
the stable operation. The gate lendth,) of the FET is de-
signed as 0.4:m andVy, is —0.5 V to achieve high power
gain of more than 26 dB and low-circuit current of less than
30 mA. The gatewidth$l¥,,) of the first-stage amplifier FET
and the second-stage amplifier FET are determined to be 0.6
and 1.2 mm, respectively, in order to achieve output power of ®)

+6 dBm with sufficiently low ACPR of less than50 dBc. Fig. 7. Equivalent-circuit models of (a) the conventioRahttenuator and (b)
the new linear attenuator & = 1.0 V.

I1l. FABRICATION

The MMIC is fabricated by the ion-implanted GaAshE]h I|hnear|'iy |'st(.)bta|fn t(:\d {Jl)ésAmoqthly conne;c Erl_?egtthree f reas.
MESFET process with a lightly doped drain offset gatg € charactenstics otthe using conventio enuator

(LOG) self-aligned structure. The drain conductatige) and are also plotted in Fig. 5, which shows th_e linear o_Iynamic range
gate—drain breakdown voltagésV,,) of the fabricated FET of Ies_s than 20 dBZ Such narrow dynamic range is due_ to Inap-
are 300 mS/mm and 18 V, respectively. The resistors are mdygpriate overllapplng of the gain contrql curve ofa series FET
of the highly ion-implanted region. and shunt FET’s, and low drain—source isolation of a series FET.

. . . The control voltagé). for the new VGA, which is as low
The Ba 7SI 3TiO3 (BST) ferro-electric film, which has 50 ° ’ .
times higher relative dielectric constafat.) than SiN film, is as 1.0-2.0 V, corresponds to the output voltage of Si CMOS

used for metal-insulator—metal (MIM) capacitors [2]. As a r digital-to-analog (D/A) converters. Therefore, the new VGA can
sult, the chip size is so reduced that the VGA MMIC can b e controlled directly by the Si CMOS D/A converter, resulting

molded in the small-size six-pin plastic package of 1.25xmm" si.ze reduction of the RF circuits ip QDMA cellular handsets.
20 mm><| 0.9 mm 126 Shx-pin plastic p g Fig. 6 shows the ACPR characteristics of 900-kHz offset from

the carrier as a function &f.. The new VGA shows the ACPR of
less than-53 dBc at an output power af6 dBm under the con-
dition of V, of 1.7 V, and low circuit current of 28 mA. Output
Fig. 5 shows the output power characteristics of the VGA agpawer of+6 dBm means that this VGA can directly drive the
function of V.. The input power is-20 dBm. The output power power-amplifier module for CDMA. On the other hand, the
of the new VGA varies from-32 to+8 dBm with+1 dB lin- VGA using a conventionall attenuator shows the degraded
earity undeV, of 1.0 to 2.0 V. The gain control region is divideddistortion characteristics in the low-power condition, as shown
into three areas, and which FET dominates in each area is dls&ig. 6, because the series FET turn-off/on and shunt FET’s
shown in Fig. 5. It is shown that the wide dynamic range witturn-on/off is not appropriately connected. Fig. 7(a) shows the

IV. RESULTS AND DISCUSSION
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Fig. 9. Output power, ACPR of 900-kHz offset from the carrier, and that of

Fig. 8. Equivalent-circuit models of cascaded dual series FET's in the nqwg-MHz offset from the carrier characteristics of the VGA as a function of the
linear attenuator. Each series FET is turned off/on at the différebtas point.  input power, measured at VDD afd of 3.0 and 2.0 V, respectively.

equivalent-circuit model of the conventiondlattenuator at.

of 1.0 V. In the conventiondll attenuator, the shunt FET is not TABLE |
completely in the on state when the series FET is turned off MEASURED PERFORMANCE OF THE
at V. of 1.0 V, as shown in Fig. 7(a). Therefore, the diverted Tioms VGAUnit Valus
input power that passes through the shunt FET’s is limited by the
high on resistance of the shunt FET’s. Consequently it is unable Frequency MHz | 900
to achieve sufficiently low ACPR characteristics for CDMA. Drain Voltage v 3.0

. . . R K Control Voltage \' 1.0~2.0
Fig. 7(b) shows the equivalent-circuit model of the new linear at- Tnput Power Bm | 20
tenuator at/, of 1.0 V. In the new linear attenuator, the diverted Circuit Current | mA 28
input power, which passes through the shunt FET’s, is higher Power Gain dB 31
than that of the conventionl attenuator due to sequential op- Dynamic Range | dB 10
eration of the series FET’s and shunt FET’s. Since these shunt (=148 L““:H“ty) T =3
FET's are completely on state when the series FET1 is turned gﬁ?:fgm;) =
off at V. of 1.0 V, as shown in Fig. 7(b), it is consequently able ACPR1.98MHz dBc <74
to achieve sufficiently low ACPR characteristics for CDMA. (Pout=+6dBm)

In addition, this gain control technique enables low-distortion
characteristics at the higher input power conditions due to se-
guential operation of the series FET1 and series FET2. The dis- V. CONCLUSION
tortion characteristics degrade at the control point of series FET ) ) )
turn offfon and shunt FET's turn on/off because of the nonlin- A NéW VGA MMIC with a wide dynamic range and
earity of the GaAs MESFET. Fig. 8 shows the equivalent-cirCLJRW'Vonage operation linear attenuation circuit designed for a
models of cascaded dual series FET's in the new linear attefyPMA cellular phone has been successfully developed. Wide
ator. Each series FET is turned off/on at the differentbias dynamic range of 40 dB under a low control voltage of 2.0

point. In these bias conditions, it is able to prevent the overlyp compatible with high linearity ott1 dB and low ACPR
tt—53 dBc, which is essential for CDMA, is realized by

of distortion power between the series FET1 and series FETOlt : ; )

should be noted that the new VGA indicates almost no distortiort NeW gain control techmqu_e. It greatly Contr_|bqtes t_o the

under theV, region of 0 to 1.5 V and input power ef20 dBm, high performance and small size of RF transmlssm_n circuits

as shown in Fig. 6. This new VGA has high input power capéQr cgllular handsets. We believe that the new gain control

bility in CDMA systems. technique will apply to the VGA fqr next-generatl_on gellular
Fig. 9 shows the output power, the ACPR of 900-kHz Oﬁseqhones such as International Mobile Telecommunication 2000

from the carrier, and that of 1.98-MHz offset from the carrie@MTzooo) cellular phone systems.

characteristics of the VGA as a function of the input power at

VDD andV, of 3.0 and 2.0 V, respectively. The VGA indicates

output power oft-6 dBm, power gain of 31 dB, 900-kHz offset ACKNOWLEDGMENT

ACPR of —56 dBc and 1.98-MHz offset ACPR 6f74 dBc.
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