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Abstract — This paper proposes a new load insensitive RF
power amplifier (PA) for mobile handsets using a load
mismatch detection and curing technique. The PA controls a
tunable output matching network (TOMN) adaptively based
on the information of a mismatched load, thereby enhancing
PA performances dramatically at a mismatched load without
substantial performance degradation at a matched load. A
load mismatch detector and TOMN can simply be
implemented by using 0.18-pm silicon on insulator (SOI)
FET that are integrated with 2-pm InGaP/GaAs HBT PA
MMIC into a single module. To verify the idea, the PA module
has been designed and implemented especially for a linearity
enhancement under load mismatch condition. With WCDMA
R’99 signal at 1.95 GHz, the measured results showed that
ACLR at output power of 28.25 dBm was improved by as
much as 13.7 dB on the worst ACLR-load angle compared to
a conventional PA. In this way, the proposed load insensitive
PA can keep ACLR under —37 dBc all over the load angle at
2.5:1 voltage standing wave ratio (VSWR).

Index Terms — Antenna mismatch, SOI FET impedance
mismatch detector, SOl FET TOMN, load insensitive HBT
PA, linearity enhancement.

1. INTRODUCTION

Recently, more multifarious and stringent specifications
are imposed on RF PAs in mobile devices. One of them is
preserving its RF performances under antenna mismatch
conditions and many efforts have been made for this
purpose. Adopting an isolator between the PA and the
antenna [1] and using a balanced PA [2] can be a moderate
solution but these methods add the board size and they
severely compromise RF performances even at a matched
load. (e.g. enhance linearity at the cost of efficiency)

Alternative promising approach is to correct the
mismatched impedance by using a tunable matching
network (TMN) at antenna port [3]-[5]. As the method
provides adaptive retuning of the TMN using a mismatch
detector such that a PA load stays optimum, PA
performances under antenna mismatch can be preserved.
Thus, this method could be the best solution for portable
devices if it can be implemented practically in view of the
portability. However, since the TMN should operate under
antenna mismatch (typically up to VSWR 10:1), it
requires a separate extra module for accurate impedance
tuning over wide antenna impedance, employing a bulky
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and complex TMN [3], computer-controlled control
system [4], and high breakdown and high-Q MEMS
switch module [5], which, however, generally has a
restriction on impedance tuning range and prevents mobile
devices from being miniaturized practically.

In this work, a modified ‘TMN’ method has been
proposed integrating it to a PA module, instead of
applying it to an antenna with a separate module. Thus,
the impedance coverage of TMN used in this work can be
much reduced due to the loss caused by post-PA
components such as duplexer and switchplexer (e.g. the
reduced coverage corresponds to the inner region of 2.5:1
VSWR assuming antenna mismatch as 10:1 VSWR and
post-PA loss as 2.8 dB). Accordingly, the proposed
technology does not need a separate tunable module and
high breakdown/high-Q device for wide impedance
tunability, and it can be implemented integrating a simple
SOI FET detector and TOMN into a single PA module. In
addition, the detector in this work was developed in a
much simpler way — just detecting an impedance ‘region’,
instead of finding a particular impedance ‘value’.

To prove the idea, the proposed PA module has been
developed especially for the linearity enhancement under
load mismatch and has been experimentally demonstrated
up to 2.5:1 VSWR conditions.

II. DESIGN DESCRIPTION
A. Detailed Operation of Curing System

As can be seen in Fig. 1, a typical PA performance (e.g.
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Fig. 1. Typical example of ACLR characteristic of a

conventional RF PA under load mismatch condition.
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Fig. 2. Overall procedure of the proposed technique.
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Fig. 3. Block diagram of the proposed PA module.

ACLR in Fig. 1) shows predictable trend over load
impedance ‘region’ (instead of a ‘value’) represented by
magnitude (or VSWR) and phase-angle (2 T) of a load
reflection coefficient (I't). Thus, the spec-compliant
impedance region is obviously differentiated from the
other ones in a typical PA. Following strategies can lead
to a good practical solution when load impedance
mismatch occurs.
On a spec-compliant region, do nothing.
On a non-spec-compliant region, move to the spec-
compliant region rather than a fixed optimum
impedance value.

PA performances are typically spec-compliant when
| I'o | is less than a certain value referred to as | It | in
Fig. 2. Even in case of larger |FL| than |FTH | , spec-
compliant region can be found in the specific « I'| region.
Thus, the region except the spec-compliant region can be
specified as a non-spec-compliant region to be cured. At
this moment, the higher VSWR region beyond | I'Lmax |
(|FL| > |FL,MAX |) is excluded as mentioned in Sec. I.
Fig. 2 shows the overall procedures of the curing system.
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Fig. 4. Reduced and divided ~ I'| regions to be considered.
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Fig. 3 shows the block diagram of the proposed PA
module including the mismatch detector and TOMN. The
mismatch detector defines load impedance region of
concerned VSWR and «T;, and TOMN operates
adaptively based on the procedure in Fig. 2. Detailed
design principles of the key components are described in
following subsections.

In this paper, the I'y region was simply divided into four
2Ty regions (A, B, C, D in Fig. 4) and two VSWR
regions by |FTH| (VSWR 1.5:1 in this work), and

I'Lmax | was assumed to be VSWR 2.5:1 as shown in
Fig. 4, facilitating simultaneous detection of VSWR and
2/ T'L in a simple manner.

B. Mismatch Detector

The mismatch detector is composed of two separate
circuits: one for VSWR (Fig. 5 (a)) and the other for ~ ',
region (Fig. 5 (b)). Both of detectors are implemented by
controlling two voltages taken at matched ports of a
directional coupler (Vo and Vi, in Fig. 3). Vi, reflects
the information of varying load impedance, while Vo, is
a reference voltage which is independent of the load
impedance.

As for Vgwrp in Fig. 5 (a), Vswrp is determined to high
or low state by comparison of Vi, and Vi, where Vi, is
from Vi, and Vy, is from V,, as a design parameter to be
adjusted by V.. The VSWR at the crossing point X in Fig.
6 (a) corresponds to | 'y | which is used as a threshold
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Fig. 5. Schematics of the mismatch detector: (a) VSWR
detector (b) # I'; region detector.
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Fig. 6. VSWR detection results (sim.): () Vinae and Vi, (b) Vswrp.
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Fig. 7. 2Ty region detection results (sim.): (a) Vg, V'airr and
Vet (V'aitr: phase-shifted Vigr ) (b) Vpup.

for the decision of TOMN operation. The Vgwrp is high
only when V,,, is less than Vy,, which means that load
VSWR can be ‘in non-spec-compliant region’ to be cured.
In this work, |[Im| is VSWR L1.5:1 which is
accompanied with Vy, of 2.6 V and it can be adjusted by
V. as shown in Fig. 6 (b).

The « I'y region is detected by calculating a phase
difference between Vo, and Vi, in Fig. 5 (b). In similar
manner with Vswrp, Vpap 1S also determined to high or
low state by comparison of Vg and Vit Vigr 1s a rectified
voltage of the subtracted Vi, from V,, and is function of
/ T'L. Vi is a reference voltage for comparing with Vg
and is constant over ~ I'| as depicted in Fig. 7 (a). Thus,
£ Ty is easily divided into two regions (180° phase-
duration in this work) by comparison of Vg and Vi, i.e.
Vpup in Fig. 7 (b). Furthermore, a phase shifting network
(in Fig. 5 (b)) can be added at the input port of Vi, in
order to generate a phase-shifted Ve which is referred to
as V' in dashed lines in Fig. 7 (a). In this manner, 2 I'p
region can be divided into four regions (90° phase-
duration — A, B, C, D in Fig. 7) in a single 21 region
detector.

C. Tunable Matching Network

Based on the mismatch detection explained above,
tunable output matching network (TOMN) operates
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Table I
LoGic TABLE FOR TOMN SwITCH CONTROL
SwW;, SW; | SW;
OFF ON
OFF OFF
ON OFF

4T region
A
B (spec-compliant)
C,D

ON

Tunable output matching network
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Fig. 8. Schematic of the tunable output matching network
(T/L: transmission line).

adaptively to cure the “non-spec-compliant” region when
| I | is larger than | J | . Even in this case, however, it
should be noted again that there can be “spec-compliant”
region ( £ I'L region ‘B’ in this work) where TOMN
provides the same impedance which is used in the case of
smaller |FL| than |FTH|. For each ~ Iy region, the
customized matching configuration of TOMN is applied
to cure a PA performance under mismatched load.
Although two switches could be enough to generate four
impedance values in theory, the three switches were used
for more precise curing in this work. The logic for TOMN
switch control is summarized in Table I.

III. PA MODULE FABRICATION AND EXPERIMENTAL RESULTS

For verification purpose, a load insensitive RF PA using
the proposed technique was implemented into a single
module on a FR4 substrate in Fig. 9. The PA MMIC was
fabricated using a 2-pm InGaP/GaAs HBT process which
is designed to a 2-stage amplifier. Each emitter area of
drive stage and main stage is 550, 4051 pm?, respectively.
The die size of PA MMIC is 800 x 650 pm?. The SOI FET

Fig. 9. Photograph of the proposed load insensitive RF PA.



TABLE II
MEASURED PERFORMANCE BEFORE AND AFTER CURING
Matched (50 Q) VSWR 2.5:1
PAE (%) | ACLR (dBc) |Worst ACLR (dBc)
Before curing| 42.9 -40.9 -23.4
After curin
with TOMS) 412 -40.8 -37.1

* Measurement condition: WCDMA R’99, 1.95 GHz,
P,,=28.25 dBm and room temperature.
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Fig. 10. Measured ACLR 28.25 dBm output power: (a) under
VSWR 2.5:1 (b) at the —45° £ T'| position as the worst case.

switches and the mismatch detector were all fabricated
using a 0.18-um SOI CMOS process. The switches are
designed to a stacked-FET structure. The mismatch
detector is integrated in a small active size of 630 x 390
um?>. The characterization of the curing system was
performed using a commercial automated load-pull tuner
with WCDMA R’99 signal centered at 1.95 GHz under
room temperature and linear power of 28.25 dBm.

The measurement of PA basic performance was
summarized in Table II. The ACLR was dramatically
improved by 13.7 dB after curing at the worst £I'p
position of VSWR 2.5:1, accompanying PAE degradation
of 1.7% due to TOMN loss but maintaining ACLR at well
matched condition (50 Q). Fig. 10 shows the improved
results after curing ACLR per ~ T at VSWR 2.5:1 (Fig.
10 (a)) and per VSWR at the worst 2T (Fig. 10 (b)),
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respectively, when compared to before curing. The ACLR
was maintained below the specification of —37 dBc¢ for the
entire range of load variations, thus verifying the
effectiveness of the proposed load mismatch detection and
curing technique for RF PA application.

IV. CONCLUSION

A novel load insensitive PA for mobile handsets has
been presented to provide a practical solution for linearity
degradation caused by antenna mismatch. By applying a
TMN to the PA output, the curing system can be
configured in a simple form and the linearity degradation
under antenna mismatch condition has been cured more
easily. The evaluated PA achieved 13.7 dB linearity
improvements at full- under the worst antenna mismatch
condition just at the cost of 1.7% efficiency degradation at
a matched load.

In spite of not being presented in this work, other PA
performances such as efficiency and total radiated power
(TRP) can also be cured in this manner. Furthermore, this
method can be easily extended to the 4th-generation (4G)
LTE PA development. Besides, the “non-spec-compliant”
impedance region can be subdivided into more than four
£ T' regions in case that more precise mismatch detection
is needed.
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