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Abstract—T his paper presents a novel power-amplifier module Pout vs. Vapé
(PAM) designed for GSM850-, GSM900 MHz, DCS1800- and 40
PCS1900-MHz handset applications. The module combines an 30 ‘
InGaP HBT power-amplifier integrated circuit, two integrated £ 20 2
couplers, a dual-band logarithmic RF power detector/controller, aQ 10 // e
and some additional passive components. The logarithmic RF =1 _18 3 / gt a0
power detector was implemented in the module to accomplish £ .20 £ n ﬁ Out 1]
linear-in-decibel output power dependency. This allows the =30 ¢ 1 )’/ ‘ Siva
handset manufacturers to calibrate output power (Pout) at one O e NS Al
or two points, with error aslow as+/—0.3 dB, thusreducing test 2 212223242526 2728

time in mass production. Dueto higher accuracy, our novel design

significantly reduces the power consumption during normal oper- Vapalv)
ation. Our design isthefirst to include two integrated directional ] ]

couplers in a handset RF PAM. It significantly improves power ~ Fig- 1. TypicalPout versusV apc.

control accuracy over load variations. I n this paper, we show that

thedirectivity of theintegrated couplersiscritical for establishing Pout versus Vset
accurate power control over phase variations at high values of 35

load mismatch. In addition, the presented module features fully 30 L ‘
integrated impedance matching at input and output portswith dc T 25 |

blocks. The entire module is plastic encapsulated on a 10 mm x Q20 b—1—

10 mm laminate substrate. The module offers higher accuracy of l; 15 : 1 ‘

Pout control, smaller size, lower bill-of-materials, and a shorter 2 10 /‘l

Pout calibration time to handset manufacturers. It is a very 5 ‘
desirable RF PAM to handset designers because of its unique fea- 0 & [ ‘
tures. Under alow single supply voltageof 3.2V, the PAM provides 0 02 04 06 08 1 12 14
35-dBm output power, 55% power-added efficiency (PAE) in the Vset(v)

GSM 900 band, and 33 dBm and 50% PAE in the DCS1800 band.

Index Terms—Directional coupler, logarithmic amplifier (Iog-  Fig. 2. LinearizedPout versusV set transformation.
amp), power amplifier (PA).

In general, the output power of a PA versus control voltage is
|. INTRODUCTION not a well-defined function. It takes the handset designers signif-
L . _icant time to calibrate and control the output power. Analog De-

S WIRE_LES38Gcc_)rT_m;|un|_caE:)n s_ystems mt:grzte to th'fr_\(ices Inc., Wilmington, MA, provides a solution to this problem
generanon( )it IS desira eto_lnc_reaset € 0egree ot i its logarithmic power detector and PA controller (AD8315
tegration of RF front-end integrated circuits (ICs), such as Iovyc) [1]. AD8315's unique features make it useful in managing

noise amplifiers (LNAs), power-amplifier modules (PAMS),b,. “Our novel PAM has incorporated a modified version of
surface acoustic-wave (SAW) filters, duplexers, and transmihgs15 |cC.

receive (T/R) switches. RF design engineers are challenged to

provide a system-in-package (SIP) solution to customers. This I. Loc-AMP AND Pout CONTROL

is particularly true for PAMs. The PAM is a challenging device _

to many designers because of its many strict system specificatSually, & transfer function between t#&ut and control
tions and high degree of integration. The power amplifier (P@‘?'tafe(g/ﬂgc) ofaPAisnota ||near|fu3c§[on(52]. AS shlow;n n
is the most critical device in the front-end. It determines very'd t. elfout curve Is not an easily defined or simple func-
important system parameters such as talk time, standby ti n. This makes it difficult for handset manufacturers to accu-

cost, and size. It is a great deal of work for handset design %’ely control the output power. Essentially, they have to trans-

to develop a PA and the surrounding circuitry. This makes tI?(érm the curve in Fig. 1 into a simpler function such as the linear

. LS T
drop-in type of PAM a very attractive option. nction shown in Fig. 2Pou_t =a Vsetl—i—b, wherea andb are

a slope and an intercept point, respectively. These constants can
be determined by a two-point measurement. One@db are

Manuscript received April 18, 2003; revised June 30, 2003. found, Pout is easily calibrated because it is a linear function
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(e-mail: shuyun.zhang@analog.com). of Vset. In fact, the accuracy of our controller allows us to en-
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Fig. 3. Log-amp functional diagram.

Linear in dB Transfer Function of Pout vs. Vset
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Fig. 4. Demonstration of closed-loop PA with a log-amp power detector and
PA controller.

Fig. 5. Block diagram of the presented three-stage PA.

part to part. This enables a single-point calibration to be per-
formed, further reducing associated costs for the original equip- [ll. CiIrRcuUIT DESIGN CONSIDERATION
ment manufacturer (OEM). .

A translinear circuit, such as a logarithmic amplifier (IogA PA Design
amp), can implement the above transformation. The AD83150ur module is primarily designed for the global system for
was designed based on a log-amp. It is a complete sub-systaopbile communication (GSM), digital cellular system (DCS),
for RF power detecting and controlling. Fig. 3 shows a simpland personal communication services (PCS) worldwide wireless
fied block diagram of the power detector and PA controller. handset market. Output power for the GSM850 and GSM900

The log-amp is used to detect the coupled RF power levghndsina5d2 systemis 35dBm, forthe DCS1800, itis 33dBm,
and produce an output curreht. The control voltagd/set is  andforthe PCS1900, itis 31.5dBm [3], [4]. Considering the high
transformed into output curretitet. Iset is compared withip  gain requirement of approximately 30 dB at full output power
to produce an error currede. /¢ is then transformed into an levels, a three-stage amplifier was designed. The first stage pro-
output voltagd’ apc. Vape is used to forcé?out to the desired vides linear gain, while the second stage provides enough power
level. ThereforePout (in dBm) is always linearly dependant onto drive the third stage, which works in a deep saturation state.
V'set. Fig. 4 demonstrates an ideal closed-loop configuration ®he third-stage transistor is the most important element in a PA
a single-band PA that includes an RF PA, a coupler, a log-aroipcuit. It is directly related to the PA performance. For our ap-
power detector, and a PA controller. The coupling factor of th@ication, it is designed to provide high power and high effi-
coupler must be designed to allow for the maximum dynamaiency while operating with a low voltage power supply of 3.2 V.
range of the detector. Our three-stage PA schematic is shown in Fig. 5.
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Fig. 7. Current mirror circuit schematic.

Fig. 6. GSM performance versus control voltage.

An InGaP HBT process was used for the PA ICs. The HBT
process offered an advantage of operating with a single low- *——
voltage power supply, high power density, and high efficiency, ;. ™ '
Matching circuits were synthesized with the input and interssmsoo
stage matching circuits realized on-chip. The output matchingaple s
circuit was implemented outside of the GaAs IC on a modulue'SET [
substrate to reduce power loss by taking advantage of@gh—B o T
ceramic components. The package parasitics were included in
the circuit design from the very beginning and bond-wire induc-
tances were used to help implement the matching networks. *—

An RC feedback loop was also employed on-chip to ensurgcfgoo,
the stability of the PA. The first stage emitter was connecte#cstoo
to ground through a bond wire instead of a via-hole to prevent
common mode oscillation. Some resistances were provided-igt 8. Simplified schematic of the quad-band PAM.
the base of each stage to provide more stability for the PA.

Before incorporating the GSM900 and DCS1800 PAs inigltageV apc. This results in increased complexity and cost of
the PAM, their individual performances were investigated using;stem design. Our goal was to include the power management
evaluation boards. The output matching circuit was implejrcuitry in the PAM to provide a SIP solution to handset de-
mented using surface-mount components and was adjustedsighers. Using our AD8315, we have realized this goal.
optimum performance. Typical performance of the GSM900 The top-level block diagram of the complete PAM is illus-
PA with Vee = 3.2V versus automatic control voltagéapcis  trated in Fig. 8. The outputs from the GSM900 and DCS1800
shown in Fig. 6. It is found that the large-signal gain is 30 dBsas are fed into the off-chip output-matching network. The
Pout = +35 dBm with 55% PAE. By sweepin§f apc from 0  sjgnal is then coupled into the input of the logarithmic power
to 2.8 V withPin = +5 dBm, the output power of the GSM900getector of a customized AD8315. The power control circuitry
PA changes from-40 to +35 dBm. The dynamic range for of AD8315 sets the appropriatéapc to obtain the output
power control was over 75 dB. power Pout. By design, we can adjust the coupling coefficient
B. Bias Circuit such that théV’set voltage range is from 0 V, corresponding

: to the PA being shut off, to 2 V for maximum output power.

Much effort was made to design an efficient bias circuitherefore,Vset will control the output power of the PAM
for the PAM. Both amplifiers employ current mirror biasindinearly.
schemes in order to provide thermal stability of the amplifiers. The module was designed for quad-band wireless applica-
Vape, provided by the AD8315, sets the gain of the amplifietions that include GSM850, GSM900, DCS1800, and PCS1900
Due to the current capability of the customized AD83WGpc  frequency bands. The band select volt&yet controlled by a
currents were limited to less then 10 mA, while PAs were drivaogic level signal is used to select the active operating frequency
to saturation. The current mirror circuit schematic is shown imand of the PAM. The entire PAM can be enabled or disabled
Fig. 7. This bias circuit provides temperature compensation fiey the Enbl pin.

—e
RF ouT

GSMB850/
GSM900

—e

RFour

| DCS1800/
PCS1900

the bias currenfapc. The output power performance of the multichip PAM was
) measured as a function of the control voltdgeet for GSM
C. Quad-Band Module Design and DCS/PCS bands. The corresponding curves are plotted

As seen in Fig. 6, the function éfout versusV apc has quite in Figs. 9 and 10, respectively. Both measurements were per-
a steep turn-on region where the output power reaches its méormed with the input power level set t65 dBm and a power
imum with a relatively small change Wapc. Itis customaryto supply voltage of 3.2 V. Comparing the graphs in Figs. 6 and 9,
include external power control circuitry in the handset to linit is obvious that the closed-loop system exhibits very linear be-
earize the dependence of the PA output power to the conthalvior. Therefore, our multichip PAM does not need any extra
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Fig. 9. Output power of the PAM in the GSM band as function of the control IV. ASSESSMENT OFPOWER CONTROL ACCURACY

voltageV’set. To assess the linearity of the output power level vesgs,
we plotted an error function defined as a deviation of the real
Pout, PAE and ltotal vs. Vset output power from the ideal straight line. Such a graph for
Freq=1800MF Pin=SdBm GSM900 is shown in Fig. 12. The calculated powEr.;) was
& | ‘ ‘ 1 2 obtained by calibrating the output power at 5 and 32 dBm, then
0 ' ‘ | ' ] ‘_.-"'_—" 18 solving thePout = a*Vset + b equation to obtain slopeand
T R S doo e | | o 16 . . .
z ‘ 1 } i \ intercept pointhb. A slope of the calculated power is equal to
u<T %0 - T oo 46 dBm/V and a corresponding intercept pointi$9.1 dBm.
o 2 ‘ /'"i ] 2 g Thus, the calculated powef,; expressed in dBm is
= 10 7 L
é 0 ‘ “z/—',// ﬂ/l 08 £
E | o6 P =46V, —19.1dBm. Q)
o -20 f ,,,,,,,, . } } ., . ;EZ‘;—: : 04
30 L * ~—1ddT # 02 The error is then calculated by taking the difference between the
-40 o C 0 actual output powePout and calculated powd?,,; as follows:
02 03 04 05 06 07 08 089 1 1.1 12 13 1.4
Vset(V)
Error= P, — F..1 dB. (2)

Fig. 10. Output power of the PAM in the DCS band as function of the control
voltageVset.

As shown in Figs. 9 and 12, the closed-loop system main-
tains linearity error ot /—0.3 dBm throughout the entire power
range and the battery voltage range of the GSM system. The
high accuracy of output power control provides significant ben-
efits to customers. First off, it reducé®ut calibration time to
one or two measurements while other power control methods
typically need more than four measurements. Secondly, high
Pout accuracy allows the customer to contfadut close to the
lowest transmit power level, which, in turn, saves battery life.

V. EFFECT OFINTEGRATED COUPLERDIRECTIVITY

Fig. 11. Top and bottom view of the quad-band PAM. A simplified block diagram of the PAM with its internal
closed-loop power control circuitry including a directional

circuitry for power management. The activeet range is from coupler is presented in Fig. 13.

approximately 0.3 to 2 V and the linear output power dynamic In Fig. 13, power generated by the PA is fed into the direc-
range for both bands is approximately 50 dB. Fig. 11 showignal coupler. Power delivered to the lo&t.,. is equal to the
the PAM. The size of the PAM is 10 mm 10 mmx 1.5 mm. difference between incident power and power reflected from the
The PAM features a single low-voltage power supply, higlead. Under nominal conditions, i.e., when load impedance is
efficiency, and linear-in-decibel output power level contratqual to 5022, reflected power is equal to zero and power de-
versusV set. Needless to say, this PAM is desirable for handskivered to the load is equal to the power available from the PA,
designers. It eliminates the need for a power managemauitich we denote a®avs.

circuitry, therefore, reducing overall size, system complexity, For any given load reflection coefficient, the voltage detected
development time, and cost. atthe coupled arrfi; is a vector sum of voltage coupled from the
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Fig. 15. Delivered power over phase when directivity is 15 and 0 dB, as
redicted by (8).
Im{Vc} ) p y (8)

|V gyse |2 C 1V gps |~

Combining (4) and (5), we get

Poe = Pag- N (VIO IG)

C .
C+ 5[1—‘[1[6_]9

C
Ve |= IVAVS |3|FL| Re{VC}

Fio. 14, Magnitude ol”. varies as a function of whereP, is coupled power for the nominal case wHERn| = 0
9. g - ' or when the PA is presented with the matched load

forward signal generated by the PAys. and voltage coupled )

from the reverse signal reflected by the I1dgd as follows: Py = C" Pavso. (7)

V. = Vavse + Vie = |Vavs| <C + _[]-_‘L[C_Je> 3) Pavso is the available power in watts when the PA is presented
D with the matched load. Finally, we can express delivered power
as

whereC is the numerical voltage coupling factdp, is the nu-
merical directivity of the coupleifI'1, | is the load reflection-co- p o _p 1 11, 2
efficient magnitude, anfl is the phase associated with the load ~ * °ut = ~ AVS0” 2’ ICrl ) :
reflection coefficient or the phase difference betweerithes.
andV,.. vectors [5]. We can see from (3) that the magnitude of
the V. vector varies as a function of phase associated with the
load. This is illustrated in Fig. 14. Equation (8) is independent of the coupling factor. However, de-
Assuming that the input of the controller is matched td50 livered power is a function of directivity of the coupler. Looking
the power detected at the coupled arm is derived from (3) andhis(8), we conclude that, for higher directiviti,,; is less sen-
given by sitive to phase variations at a fixed magnitude of the load reflec-
tion coefficient.
2 To illustrate how much impact directivity has on delivered
(4) power, we present two theoretical examples. In both cases, we
choose load voltage standing wave ratio (VSWR) to be 6: 1.
For any given load, the power controller compares power givéis corresponds to havijj;,| equal to 0.714. We set the avail-
in (4) to some set value and adjusdsys in such a way that able output power for the matched load to be 21 dBm. In one
coupled power is equal to that set value. This will make avatase, we chose directivity to be 15 dB and, in the other case, to
able power, as well as delivered power, functions of phase. Tie 0 dB. The resulting delivered power as a function of phase is
power delivered to the load in this case is expressed as shown in Fig. 15. The offset of 90vas added to make it easier
for the reader to see the maximum and minimun®efit.
) We observe that 15-dB directivity can reduce the variation in
Pous = Pavs (1 — ] ) . (5)  the output power by over 13 dB. This is quite significant.

. 8
1 + 5[F[1[6_j0

c ,
F. = Pavs|C + EIFLIG_JQ
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Now, let us go back to (8). The maximum and minimum 141_2 | ! 1 ‘ |
output power is seen whehis equal to © and+/ — 18C°. For 14 J ; ; ; :
these two extreme cases, we can rewrite (8) as 200 150 -100 50 O 50 100 150 200
Phase-Degrees
2
1— Iy . . o
Prax = PA\75072 (9) Fig. 18. Predicted versus measured results for our module with directional
1_ [FL[ couplers;VSWR = 6:1.
D
1— g
Prnin :PA\’SOT. (10) VI. LOAD-PULL MEASUREMENTS
L . . L . .
<1 + D ) To verify the theoretical derivations presented in the previous

section, we have measured several PAMs using a load—pull

Equations (9) and (10) can be used to determine the minim&¥Ptem- The simplified block diagram of the system used in our
directivity required to ensure that the output power falls into tHg€asurements is shown in Fig. 17. _
acceptable power range as defined by the standard. For exampl@? in Fig. 17 isthe ph(_;lse associated with the lossless line that
if we assume that the nominal power transmitted by the PAM@Ust be accounted for in the measurement data.
set t0+21 dBm’ the maximum power variation that is allowed FirSt, we characterized our module ADL5551. This module is

according to the GSM standard-s/—4 dBm. Therefore, we the first to feature two integrated directional couplers. In these

can write couplers, we have achieved30-dB coupling and 14.3-dB di-
rectivity. The cost savings of having integrated couplers as op-
Pavso — 6 < Pouy < Pavso+ 6 (11) posed to the use of external ones is approximately $0.17 per
o module.
where Payso = +21 dBm andé = 4 dB. Substituting (9) and  \ye set the biasing to achieve 21-dBm available power and,
(10) into (11) and solving foD, we find thus, delivered power, in the matched load case. Higher values

of power were not used to avoid saturation effects. At high
D> L (12) Vvalues of VSWR, delivered power was a stronger function of
- [rL[2 phase. Equation (8) also predicts this. Most of the handset man-
105 1 ufacturers are interested in module performance for VSWR up
to 6: 1. Therefore, we chose this value to present our results.
The graph for the function in (12) is plotted in Fig. 16. Fig. 18 shows measured and theoretical output power as a func-

According to the graph in Fig. 16, if we assume that théon of phase.
maximum VSWR seen by the PAM is equal to 5: 1, then the Here, the phase offset is approximately”#6 account for
minimum directivity needed to meet the specification is equHte length of the line on a test board. Also, we can see that high
to 11.3 dB. If the directivity is less than that, the call may béirectivity of the couplers ensures a worst-case output power
dropped. As a reference, we also plotted (10)fer 5 dB and Vvariation of+1.2 dB. In addition, we observe that the theoretical
6 = 6 dB. These two values represent additional GSM stapredictions agree very well with the measured results. The errors
dard tolerances for various power levels in the GSM900 afiall within the tolerances of the load—pull system, as well as the
DCS1800 bands. slight imperfections in the power control circuitry.
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+/—0.3 dB across a 50-dB power range. The PAM also

features high efficiency, single positive power supply, single
power control voltage, small size, and 50- to @0match
from input to output terminals. The dimensions of the PAM
are 10x 10 x 1.5 mm. In addition, we showed that it is
necessary to utilize high-directivity directional couplers in
handset PAMs to achieve accurate power control. For a load
VSWR of 6:1, we demonstrated that 14.3-dB directivity of
the couplers reduces output power variation in our module
by approximately 4 dB compared to other major competitor
modules. We believe that our PAM provides OEMs a simple
transmit solution, which will significantly reduce the overall
cost and time to market for their products.
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