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HIGH HARMONIC-REJECTION
MATCHING FILTERS FOR
QUAD-BAND POWER
AMPLIFIERS

In this article, matching filters for GSM amplifiers capable of providing large harmonic rejection are
demonstrated using M/A-COM’s high Q GaAs MMIC technology. The matching filters are designed
for the output of the quad-band (GSM 850/900/1800/1900 MHz) wireless handset amplifier module.
Two sets of high harmonic-rejection matching filter circuits are designed and fabricated, one each for
the GSM 850/900 MHz and GSM 1800/1900 MHz bands, respectively. For the second harmonic, the
amplifier with the matching filter in the plastic-packaged module gave a rejection better than —63 dBc
for the GSM 850/900 MHz band at the fundamental output power of 33 dBm and better than —63 dBc
for the DCS 1800/1900 MHz band at the output power of 31 dBm. The higher harmonics had a better
than —62 dBc rejection. The in-band insertion loss is measured as low as 1.2 dB in the 800/900 MHz
band. To the best of the author’s knowledge, this is the highest harmonic rejection achieved through a
low pass matching filter for GSM handset amplifiers based on a MMIC process.

Worldwide GSM has four bands: GSM 850
MHz and GSM 1900 MHz (Personal Commu-
nication Services, PCS) bands are used in
America, while GSM 900 MHz and GSM
1800 MHz (Digital Cellular Services, DCS)

ecent advances in mobile phone RF
Rmodules have been made for the minia-

turization and integration of compo-
nents in such a manner that they can address
all of the global standards. The stringent spec-
ifications for the different systems have to be
met using inexpensive surface-mount plastic
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modules, which integrate diverse functionality
with just a few chips. In addition, the module
needs to perform over a wide frequency band
in the smallest possible layout space. In the
GSM arena, the trend has been towards evolv-
ing a GSM mobile phone that supports all the
four major GSM frequency bands in a single
handset, making it compatible with all the ma-
jor GSM networks worldwide. 12
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and can provide the
required rejection.
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However, SAW fil-
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matching and filter-
ing are two-fold:

A Fig. 1 Block diagram of the quad-band transit module.

bands are used in Europe and else-
where in the world. The quad-band
GSM mobile handset requires power
amplifiers that meet stringent har-
monic rejection at the specified out-
put power with the maximum power-
added efficiency (PAE) possible. The
FCC’s harmonic rejection specifica-
tions require that the output power
level at harmonics be less than —30
dBm for all nfj, where n = 2 and {;, is
the fundamental frequency of trans-
mission. At the low GSM band (GSM
800/950 MHz), the specified output
power is 33 dBm, thus requiring bet-
ter than —63 dBc rejection, while at
the high GSM band (GSM 1800/1900
MHz), the specified power is 31
dBm, requiring better than —61 dBc
rejection. Traditionally, the harmonic
rejection is achieved by employing an
output impedance matching circuit
followed by a harmonic-rejection fil-
ter. SAW filters are being used since
they are small, with low insertion loss,
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greater insertion
loss due to a larger
number of elements
and thus the requirement for larger
chip area. However, to design an op-
timal low pass circuit with the highest
possible harmonic rejection is a theo-
retically challenging problem.> It be-
comes more challenging if there are
implementation constraints such as
layout size, which is driven by today’s
cost requirements. The design chal-
lenges are further aggravated by the
impedance matching transformation
ratio (of the order of 20 to 50) re-
quired to match high power ampli-
fiers to a 50 Q load.

In this article, the design of a
smaller footprint, single passive cir-
cuit, providing a high impedance
matching transformation ratio and a
very high harmonic rejection, is
demonstrated. The designed imped-
ance matching and harmonic-rejec-
tion filters (also called matching fil-
ters) are integrated in a quad-band
module comprised of GSM power
amplifiers (PA), an antenna-diversity

switch and a digital
controller. This sin-
gle module provides
a commercially vi-
able method of inte-
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A Fig. 2 Block diagram of the three-stage power amplifier followed

by the harmonic rejection filter.

producible manner.

DESIGN DETAILS

Power Amplifier
Figure 1 shows

the schematic rep-

resentation of the
blocks inside the
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quad-band transmit module. The
quad-band transmit module consists
of two sets of power amplifiers and
matching filter circuits, one antenna-
diversity switch and a CMOS con-
troller in an FQFP-N plastic package.
One set of power amplifiers and their
matching filter circuit operates in the
824 to 915 MHz frequency band
(GSM low band), while the other op-
erates in the 1710 to 1910 MHz fre-
quency band (GSM high band). The
power amplifiers are made by a 4-mil
standard iHBT GaAs process, the an-
tenna switch by a pHEMT process
and the matching filter by a high Q
GaAs MMIC process. Both ampli-
fiers have three stages, as shown in
Figure 2. The amplifiers provide a
gain greater than 30 dB. The loss
through the pHEMT switch is ap-
proximately 0.5 dB in the low band
and 0.7 dB in the high band.6 The
amplifiers were measured separately
on PC boards, using the traditional
methods of matching for efficiency.8
The optimum output powers of the
amplifiers, at low and high GSM
bands, were measured to be 35 and
33 dBm, with PAEs of 55 and 45 per-
cent, respectively. The measured har-
monics were —5 and —15 dBm, re-
spectively. Clearly, from these mea-
surements, including the switch loss
alone, the expected composite PAE
for low and high bands would be less
than 49 and 38 percent, respectively.
A theoretical analysis, with two trans-
mission zeros (TRZ) at 2f with a Q of
30, predicts a composite PAE of 39
and 31 percent for the low and high
band, respectively. The FQFP-N
package was modeled in two parts.
The lead frames were modeled using
libraries in ADS, whereas the ground
current paths in the paddle were ac-
curately simulated using Sonnet’s
Em™. An isolation of approximately
50 dB was observed through the
package at the low band requiring de-
sign layouts based on EM results to
achieve greater than 60 dB of har-
monic rejections.

Impedance Matching Filter

For the quad-band module, a
matching filter is designed for each
GSM low band and GSM high band.
The starting point for the design is a
low pass matching filter with a three-
stage L-C impedance-transforming
network configuration, as shown in
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A Fig. 3 Basic architecture of the three-
stage low pass filter.

Figure 3. The number of stages is
based on a careful trade-off between
size, rejection and performance. The
impedance transformation ratio is se-
lected based on the effect of the im-
pedance ratio on the efficiency of L-C
networks.” Since inductors are the pri-
mary power dissipation element, the
intermediate impedance ratios were
selected so that the inductors were of
optimum size. For a given area, there
is an inductor value that provides the
best Q and optimum loss.® The match-
ing circuit was designed to be able to
achieve optimum Q for a given area.
The lumped L-C network circuit com-
ponent parameters were obtained for
an impedance transformation of 2 Q
(nominal) to 50 Q for the GSM
850/900 MHz band and 2.5 Q (nomi-
nal) to 50 Q for the GSM 1800/1900
MHz band. Multiple transmission ze-
ros (TRZ) were then judiciously added
to provide adequate harmonic rejec-
tions. In addition, the frequency band
for a quad-band module is much larg-
er than that of a single-band module,
which in turn increases the harmonic-
rejection bandwidth and thus the de-
sign complexity. The most challenging
part is to provide more than 65 dB re-
jection at the second harmonic and at
the same time provide minimum loss
in the fundamental band whose band-
widths are 90 MHz for the GSM low
band and 200 MHz for the GSM high
band. The increased rejection was
achieved through a combination of
shunt capacitor split resonance (patent
pending) and series inductor split res-
onance techniques (patent pending)
shown in the schematic of Figure 4.
Here, the shunt arm capacitor is split

into two parallel arms labeled 2 and 3.
The series inductor is split into two
additive series arms, 6 and 7. The
shunt capacitances are designed for
series resonance with an inductor,
whereas the series inductances are
parallel resonated with capacitors.
Both of these give extra transmission
zeros to achieve high out-of-band re-
jection. The component values of se-
ries L-C resonances are determined
by the following equations

C
Cor =100 W
(noy ) = (1) @)

where

C.r = effective capacitance at the
fundamental frequency
obtained through impedance
transformation for maximum
in-band efficiency

n = harmonic number

®, = geometric mean of the lower
frequency w;, and the higher
frequency wy

w=foron  ®

The multiple TRZs are designed at
2f,, 3f,, 4, and 5f,. Three transmis-
sion zeros are provided at 2f, for the
GSM low and high band. For the op-
timum band rejection at 2f,, one of
the 2f, resonances is provided with
the highest possible capacitance for a
small resonator physical size and a
high unloaded Q. Two other 2f; reso-
nances are provided at shunt arms 5
and 8 and are detuned by small
amounts from 2f_. This makes the net
transmission null broader to suppress
the second harmonics for the whole
fundamental band.

Another consideration is the choice
of TRZ at the first split shunt reso-
nance, legs 2 and 3. Leg 2 was chosen
to have a resonance
at 2f, and leg 3 to

have a resonance at

shunt capacltor |
split resonance |

e ®

A Fig. 4 Matching filter with split-shunt and split-series arms.

series inductor
split resonance

4f. Another possible
choice is for leg 3 to
have a resonance at
3f,. This would re-
sult in peaking of the
harmonic level at the
higher edge of 2f;

= due to a reactance
pole between 2f,
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and 3f,, thus compromising the 2f; re-
jection. By selecting 4f, as the com-
panion resonance with 2f;, the pole
could be placed farther from 2f,. The
effect of the pole is suppressed by an-
other arm of the filter, arm 4. The de-
sign of the series elements would be
similar. Also, for high efficiency, the in-
ductance at arm 1 is designed so that
the second and higher harmonics see a
high inductive load through induc-
tance peaking techniques.? The initial
circuit was designed in Agilents ADS
software, using idealized elements but
with realistic loss factors (Q). The cir-
cuit was then laid out in Sonnet’s Em
simulator. The space constraint of 2.2 x
1.38 mm made the modeling of cou-
pling critical and therefore required
EM-based optimization and design.
The critical sections were simulated in
Sonnet Em to accurately model the
coupling between nearest neighbors.
For certain other elements, scalable
models using circuit parameter lookup
tables were used. Equivalent-circuit
models of the inductors of different di-
mensions and turns were extracted and
libraries created to provide Q as a
function of the geometry of the induc-
tors.8 This method of modeling and
design provides a quick insight into the
performance of the whole matching fil-
ter chip in the presence of nearest
neighbor electromagnetic interactions.
However, it did not include long dis-
tance coupling. Therefore, EM-based
optimization in Sonnet Em was needed
to achieve the best performance ac-
counting for long distance coupling.
Since a full circuit optimization re-
quires a huge amount of computer
memory and time, smaller subsets of a
large circuit can be simulated. Divid-
ing the circuit in an EM-coupled envi-
ronment is not always obvious but, by
careful study of the layout and EM
coupling, the circuit can be optimized.
Figure 5 provides a photograph of the

A Fig. 5 The matching filter chip for the
1800/1900 MHz GSM b(md



| Measured |
EM Simulations

8

[S11], [S21| (dB)

1 2 3 P
FREQUENCY (GHz)

A Fig. 6 Simulated and measured S-
parameters of the 850/900 GSM filter with
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A Fig. 7 Fundamental and harmonic
output power levels for the GSM 1800/1900
MHz band.

designed GSM matching circuit for the
high band.

PERFORMANCE

To demonstrate the overview and
efficacy of the concept, two sets of
measured data are presented. First, the
S-parameters of the matching filters
were measured in a 50 Q environment
with an on-chip measurement setup for
the GSM 850/900 MHz band. Second,
a power measurement of the entire
quad-band module with a novel match-
ing filter was taken for the GSM
1800/1900 MHz band. The S-parame-
ters for the GSM low band are mea-
sured in a 50 Q environment and later
renormalized to the input port imped-
ance of 2 Q and output port impedance
of 50 Q. This is done to estimate the
harmonic-rejection level seen by the
amplifier. Figure 6 shows the very
close agreement between simulated
and measured S-parameters of the
matching filter for the GSM 850/900
MHz band. A 100 MHz shift at 2f, be-
tween simulated and measured data
was expected due to a variety of factors

including non-inclusion of metal thick-
ness in Sonnet Em and process varia-
tions. The measured insertion loss is
1.2 to 1.4 dB across the 90 MHz wide
GSM low band and is within 0.1 dB of
the predictions. The output power and
composite PAE of the amplifier, match-
ing filter and switch were measured for
the quad-band module. The data were
taken at 5 dBm input power with sup-
ply voltages of 3.5 V and a control volt-
age of 2.7 V. An output power of 32 to
33 dBm was measured across the 90
MHz GSM low band with a composite
PAE up to 38 percent. Excellent rejec-
tions of =63 to —67 dBc are obtained for
the second harmonic across the band.
The rejection of the higher harmonics
is greater than 62 dBc. For the GSM
1800/1900 MHz band, the output pow-
er of the quad-band module chain is 31
to 32 dBm across the 200 MHz band
with harmonic rejections of the order
of =64 to —67 dBc. The measured re-
sults are shown in Figure 7. The com-
posite PAE for the GSM high band ex-
ceeds 30 percent.

CONCLUSION

State-of-the-art impedance match-
ing filters using MMIC technology
with excellent harmonic rejection
have been demonstrated within a
small footprint for quad-band ampli-
fiers. The FQFP-N-packaged quad-
band amplifier module, based on the
MMIC matching filters, shows the
feasibility of further miniaturization
and part count reduction, thereby al-
lowing a higher level of chip integra-
tion and minimizing of on-board
components for more efficient com-
mercial handset manufacture. H
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