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A Monolithic Si PCS—-CDMA Power Amplifier
With 30% PAE at 1.9 GHz Using
a Novel Biasing Scheme

Sifen Lug Member, IEEEand Tirdad SowlatiMember, IEEE

Abstract—A  monolithic Si  personal-communication- lclass vee
system—CDMA power amplifier (PA) capable of delivering
28.2-dBm output power with 30% power-added efficiency and
—45-dBc adjacent-channel-power ratio at 1.9 GHz and 3.6-V
supply voltage is presented for the first time in this paper. The PA c2
implemented in a 30-GHz BiCMOS process incorporates a novel
impedance-controllable biasing scheme to control the class of
operation and bias impedance of the output stage. Both simulated
and measured results are presented for comparison.
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I. INTRODUCTION 1

M ONOLITHIC RF power amplifiers (PAs) for mo-

b”e'phF’”e handset apphcatlo_ns have tradlt'on"a‘llﬁ*/ig. 1. Schematic of the PA with a conventional biasing scheme.

been the territory of GaAs technologies. Efforts have been

made on designing nonlinear PAs [1], [2] at both the cellular

frequency (900 MHz) band and the personal-commuriﬁ demonstrated for the first time in this paper. The PA was
cation-system (PCS) frequency (1.9 GHz) band by usirﬁ@ounted chip-on-board (COB) with low-cost surface-mount
Si technologies. Recently, high-efficiency linear PAs werg@mponents for both input and output matching networks. The
demonstrated at the above two bands by using SiGe hetdi@sults were obtained from an FR-4 test board by using & 50-
junction-bipolar-transistor (HBT) technologies [3], [4]. Theneasurement system.

PA for the code-division-multiple-access (CDMA) applications !n Section II, a conventional biasing scheme for the output
at the lower band could deliver 28-dBm output power witGtage of the PAis discussed. An impedance-controllable biasing
36% power-added efficiency (PAE) and44.1-dBc adja- scheme for the PA and its advantages over the conventional one
cent-channel-power ration (ACPR) [3], while the CDMA PA afire then presented in Section Ill. Simulated and measured re-
the higher band could deliver 30-dBm output power with 41%ults of the PA with the impedance-controllable biasing scheme
PAE and—46-dBc ACPR [4]. However, the latter was still aare given in Sections IV and V, respectively. Finally, a conclu-
hybrid solution. Si monolithic RF PAs have advantages in lo@/on is drawn in Section VI.

cost and ease of integration with other mainstream Si-based
circuits. To date, no monolithic Si PCS—-CDMA PA has been
reported yet.

The modulation scheme of the CDMA system requires the Fig. 1 shows a simplified schematic of a PA consisting of two
PA used in the handset to be highly linear. This makes it veepmmon-emitter stage§( and@1). The output-matching net-
challenging to design a monolithic PCS—CDMA PA with higtwork consists of capacitor§3 to C5, inductors/’.2, and two
efficiency using Sitechnologies due to their inherently high subransmission lines, i.e., coplanar waveguides (CPWSs). The input
strate loss and parasitics. matching network consists of capacit6fé andC'7 and a trans-

A monolithic Si PCS—-CDMA PA capable of deliveringmission line (i.e., CPW). The input stage is biased through an
28.2-dBm output power with 30% PAE;-45-dBc ACPR, on-chip resistoi?;; by using a bias voltag;; for simplicity.
and 21.5-dB gain at 1.9 GHz and a supply voltage of 3.6 A conventional current-mirror circuit comprised @2 and@Q3

is used to bias the output stage.

Manuscript received March 30, 2001. This work was supported by Philips In Fig. 1, Lgnai; Lgnaz, andLgnd3 are ground inductors from
Semiconductors, San Jose, CA and by Philips Semiconductors, Nijmegen, Bi@nding wiresZ1 andL2 are off-chip inductors. The interstage-
Netherlands. _ . o matching network consists of an on-chip capacifdrand L1

The authors are with Philips Research, Briarcliff Manor, NY 10510 USA . . . . . . .
(e-mail: sifen.luo@philips.com: tirdad.sowlati@philips.com). realized using a bonding wire and a printed-circuit-board (PCB)
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Il. CONVENTIONAL BIASING SCHEME
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Fig. 2. Quiescent current ¢¢1 and small-signal impedance (1 MHz) of the
conventional biasing scheme as functiond 9f.: (R = 15 §2).
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Fig. 3. RF impedance of the conventional biasing scheme and output power = Vbe(QQ) + Vbe(Q4) + V(Rb?:) (1)

of the PA as functions of the input signal lev@& = 15 Q, I = 8 MA). .
and since)2 and Q3 have the same current, we then have

This biasing scheme fap1 provides a near-constant small- Voe(@3) = Ve (Q2). 2
signal impedance (1 MHz) presented at the basébfand )
a nearly linear control of the collector’'s quiescent current dihis leads to
Q1, as shown in Fig. 2, with,o, = 15 Q. When Q0 and
Q1 are biased into class-AB operation, however, its large-signal
impedance presented at the bas@afat 1.9 GHz is capacitive when
and much larger than its small-signal counterpart, as shown in
Fig. 3, where the PAs output power versus input signal levels V(Ry2) = V(Ry3) (4)

is also shown. It is seen that the PA starts to saturate at the . L
output power close to 600 mW. This is due to the fact tha y properly choosing?,, and fz;s. The current flowing in6

PN =
as the output power increases, the average voltage drop acFF‘)Eét flow in @5 and @4 becaus&5 and Q6 form a current

the bias impedance increases. This causes a reduction in r{Hrror. Sincel.., controls the current flowing 6, it, there-

e . S
base—emitter voltage @f1 and, thus, pushes it into saturatio fore, dictates the quiescent current@d, which, in turn, con-
[5].

Vbe(Ql) = Vbe(Q4) (3)

r}rols the quiescent current in the output transispar

The mechanism afy,;,5's controlling the output impedance
of the biasing circuit can be explained in a similar fashion. Since
Q2,0Q4,, and Q7 form a current mirror, the current flowing

Fig. 4 shows a simplified schematic of a PA using am Q2 and Q3 is proportional tol;,;,s if we neglect the base
impedance-controllable biasing scheme to bizis [6]. It is currents. The quiescent current@B, which is controlled by
identical to the PA shown in Fig. 1, except for the biasing,;,s, determines the emitter resistance(gf. The impedance
scheme for?1. The biasing scheme is comprised of two curef the biasing circuit for)1 is the summation ofz;» and the
rent-mirror subcircuits: one consisting of transistq)8, 24, impedance at the emitter 6§3. At the desired operating fre-
and@7 and the other consisting of transistéps and@6. This quencies, the impedance presented at the baga sfquite low
biasing scheme is capable of providing independent contdhle to the bypass capacito®. Hence, its reflected impedance
of bias impedance and class of operation(pf by properly at the emitter of)3 is also very low. Thereforel,;,s controls
choosing /... and Iyi.s. Whereash,;,s controls the output the impedance of the biasing circuit f@r. The effect offy,;.
impedance of the bias circuit,,,,s controls the quiescent onthe quiescent current §f1 is much smaller than that @f;.,.
current of the output stage. This proposed biasing schefnefer to Figs. 5 and 6).
allows the output stage to be adjusted for optimum efficiency By properly scaling the emitter area ratios between transistor
and linearity. pairs, one can readily control the quiescent current of the output

I1l. 1 MPEDANCE-CONTROLLABLE BIASING SCHEME
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Fig. 5. Quiescent current &1 and small-signal impedance (1 MHz) of theFig. 7. RF impedance of the impedance-controllable biasing scheme and
impedance-controllable biasing scheme as functionk.f, (R,. = 15 £, output power of the PA as functions of the input signal levél{ = 15 €,
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impedance-controllable biasing scheme as functiong,Qf (R,> = 15 €2, . . ) i
Ilass = 3 MA). Fig. 8. Gain and PAE of the PA as functions of the output pow&r (=

0.88V, Rz = 15 Q, Ljass = Tbias = 3 MA).

stage.and the ogtput impedance of the bias CII’C-UI'[. Th!s hglps&gse to 1 W. This is a significant improvement over that of the
optimize the efficiency of the output stage, while maintainin

. . . gA with the conventional biasing scheme.
the required linearity.

The collector’'s quiescent current 6f1 and low-frequency
(1 MHz) small-signal impedance of the impedance-controllable
biasing scheme presented at the base of the output stage as fun&kthough the output power of the CDMA PA with a digitally
tions of 1.5 andl},;.s are shownin Figs. 5 and 6. For simplicity,modulated input signal is measured differently than that of a
Ry3 is set to zero B3 = 0) in this analysis. It is seen thatPA with a continuous-wave (CW) input signal, the required
the control currenf,, in both biasing schemes has a similamaximum output power level (28 dBm or 631 mW) of the
effect on the quiescent current @fl and the bias impedance:CDMA PA is still used as a reference in the PA design using
near-constant bias impedance and nearly linear control of tiadence’s Spectre. The design methodology for the PA is as
quiescent current. Furthermore, the control curtkpl; pro- follows. Spectre is first used to achieve a relatively flat gain in
vides an additional means to adjust the bias impedance and amlgrge range of the output power and PAE close to 30% at the
slightly changes the quiescent current. reference power level by properly adjustifg,ss and Ij,;s.

It is of more interest to see its large-signal impedanagilent Technologies’ Circuit Envelope Simulator is then used
presented at the base ¢fl at 1.9 GHz. Fig. 7 shows theto simulate the PA's ACPRs.

RF impedance of the impedance-controllable biasing scheméVhereas the input of the PA shown in Fig. 4 was quite well
and the output power as a function of the input signal levehatched to 5@, the output of the PA was connected to as30-
For a fair comparison, the sizes ¢f0 and @1 and the bias load through the output-matching network. The gain and PAE
conditions have been set identical to those for the PA disfthe PA simulated in Spectre as functions of the output power
cussed in Section Il. There are several advantages of usarg shown in Fig. 8. A peak gain of 26.5 dB appears at the output
the impedance-controllable biasing scheme. Firstly, it preseptwver of about 300 mW. The gain is quite flat over a large range
low impedance at the base 6f1. Secondly, its large-signal of output power (from 100 mW to 1 W) with a variation of about
impedance is inductive and not far off from its low-frequenc.5 dB. At the reference power level (631 mW), its PAE is fairly
small-signal values. This helps interstage matching by caslese to 30%. The gain curve further indicates that the PA is still
celing part of the capacitive base impedance)af Thirdly, it operated in a linear region at the reference output power level.
helps increase output power due to its low RF impedance. AsSince a handset has to be operable in an environment where
seen in Fig. 7, the PA only starts to saturate at the output povilee ambient temperature may range frem0 °C to 85°C, it

IV. SIMULATED RESULTS
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Fig. 11. Snapshot of the ACPR simulation at the output power of 28 dBm.
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Fig. 10. Simulated ACPR and PAE of the PA.

Photomicrograph of the die.

is important for the PA to meet specifications within the tem-9- 12
perature range. A change in the ambient temperature leads to a
change in the junction temperature of transistors. The effectifijher than 30%. Fig. 11 shows the output spectrum of the PA
transistor’s junction temperature on the gain of the PA is showiith ACPR less than-45 dBc at the output power level of 28

in Fig. 9, wherel” stands for the junction temperature in CeldBm.
sius. As the junction temperature changes frof€@o 120°C,

the maximum gain variation is about 1.4 dB, which occurs at
the lowest input signal level as shown.

In the circuit envelope simulation, a CDMA input signal was The PA with the impedance-controllable biasing scheme was
used to simulate the PA's performance. The simulation resuiisplemented in a Philips BICMOS process (QUBIC3) featuring
are shown in Fig. 10. At the required output power of 28 dBn30-GHz ft NPNs, 0.5:m CMOS, and high-value poly resistors.
the PA achieves PAE of 38% and a gain of 22 dB with ACPREhe emitter area af1 is 128x 0.7 umx 20.2pm. A photomi-
less than-45 dBc. The ACPRs stay flat at lower power levelsrograph of the die with an area of about 0.9 fisishown in
and then increase monotonically at higher power levels. Fig. 12.

The higher PAE obtained from circuit envelope simulation The PA was first tested at 1.9 GHz with a three-stub tuner
than that obtained from Spectre is partly due to the fact that twothe output for benchmarking its performance. Both the input
different transistor models were used in the simulations. Tl&d output stages were biased in a class-AB operation. The PA's
Mextram model was used in Spectre simulation. However, we&€PR and PAE versus the output power are shown in Fig. 13.
used the Gummel-Poon model in the circuit envelope simula-spectrum analyzer from Rohde & Schwarz, Munich, Ger-
tion because the Mextram model had a convergence problenany, was used in the ACPR measurements. With the output
The Mextram model predicts the behavior of the transistor momgatched using the tuner, the PA delivers 28.1-dBm output power
accurately. SimulatedV characteristics of the two models indi-with 24.5-dB gain, 31.5% PAE and45-dBc ACPR. It is worth
cate the Gummel-Poon model overestimates the output poweting that, in this PA, there is a valley with a quite steep slope
capability and, hence, leads to overestimating the PAE. in the ACPR curve. This indicates that one can improve ACPR

Nevertheless, the impedance-controllable biasing schememahkrgins with a slight backoff from the highest output power
lowed the PA to achieve the required ACPR with efficienclevel.

V. MEASURED RESULTS



1556 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 9, SEPTEMBER 2001

PCS CDMA PA with a Tuner Marker 1 [T1} RBM 30 kHz  RF Att B0 B
@Ref Lol 2.37 dBm  VBW 300 KMz
30 dBm 1.90000000 GHz  SWT 2s Unit dBm
40.0 -45 30 -
] [J}I 457 ol g
1.90000p00 6
2! THFI 35
30.0 -50 acH L -49.05 d
1 ACH | 49.03
- 2 att g -87.02 ¢
& 9 At AT fou -65.25 d
w 20.0 55 B 0
& ACPR_Low 2 18N
Ko -1
10.0 -60 / \
> \/ ACPR_Up -20 > ]
PAE B A7 ™
0.0 - - 65 A
5 10 15 20 25 30 / \
-4
Pout (dBm P co
(d4Bm) IR L.
E
Fig. 13. Measured ACPR and PAE of the PA with the tuner. B
o cjl
cy
PCS CDMA PA with SMD Matching =
70
Center 1.9 GHz 520 kHz, Span 5.2 MHz

Fig. 15. Snapshot of the ACPR measurement of the PA with the matching
networks using surface-mount components.

It is seen that whereas the ACPR reaches its specified limit of
—45 dBc, the alternate-channel-power ratio has large margins
over its specification of—~56 dBc. The effectiveness of the

impedance-controllable biasing scheme has been verified in
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PAE these measurements.
0.0 : ; : : -60 Again, compared with the simulated output power spectrum
° 5 10 15 0 = % shown in Fig. 11, the measured one shows much better alterna-
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tive channel power ratios.

Fig. 14. Measured ACPR and PAE of the PA with matching networks using
surface-mount components. VI. CONCLUSION

In this paper, an Si PCS—CDMA PA with a novel impedance-
The tuner was then replaced by surface-mount componegfsqiaple biasing scheme, mounted COB, and matched with
on the FR-4 test board. The PA was again tested at 1.9 Gfdg, «ost surface-mount components has been demonstrated for
with a slightly lower base bias voltage for the input stage 0 efg first time, which is capable of delivering 28.2-dBm output

hance its PAE[oiass andyias were readjusted to compensatgyover with 30% PAE,-45-dBc ACPR, and 21.5-dB gain at 1.9
drops in PAE and gain due to the insertion loss from the syt and 3.6-v supply voltage.

face-mount components. The PAs ACPR and PAE versus the
output power are shown in Fig. 14. With the input and output
matching networks using the low-cost surface-mount compo-
nents on the FR-4 test board, the PA delivers 28.2-dBm output! he authors wish to thank S. Wong, for his contributions, S.
power with 21.5-dB gain, 30% PAE, are45-dBc ACPR. The Mukherjee, P. Lok, T. Wagemans, P. Rosdahl, R. Aryana, and J.
same steep slope can be seen in the ACPR curve near the patek, for support of this project, K. McAdams, for his extraor-
output power level. At lower output power levels, there is a peélhary help on die preparations and wire bonding, A. Pink, for
almost reaching the ACPR limit-{45 dBc) in the ACPR curve layout designs, B. Rossi, and R. Conrad, for PCB designs, and
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