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Low-Loss Matching Network Design for Band-Switchable

Multi-Band Power Amplifier
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Shoichi NARAHASHI', Senior Members, and Toshio NOJIMA ', Fellow

SUMMARY  This paper presents a novel design scheme for a band-
switchable multi-band power amplifier (BS-MPA). A key point of the de-
sign scheme is configuring multi-section reconfigurable matching networks
(MR-MNs) optimally in terms of low loss matching in multiple frequency
bands from 0.7 to 2.5 GHz. The MR-MN consists of several matching sec-
tions, each of which has a matching block connected to a transmission line
via a switch. Power dissipation at an actual on-state switch results in the
insertion loss of the MR-MN and depends on how the impedance is trans-
formed by the MR-MN. The proposed design scheme appropriately trans-
forms the impedance of a high power transistor to configure a low loss
MR-MN. Numerical analyses show quantitative improvement in the loss
using the proposed scheme. A 9-band 3-stage BS-MPA is newly designed
following the proposed scheme and fabricated on a multi-layer low temper-
ature co-fired ceramic substrate for compactness. The BS-MPA achieves a
gain of over 30 dB, an output power of greater than 33 dBm and a power
added efficiency of over 40% at the supply voltage of 4 V in each operating
band.

key words: power amplifier, reconfigurable, matching network, multi-
band, switch

1. Introduction

There has been an increase in the number of frequency
bands allocated to mobile communication services provided
all over the world. Future mobile terminals will be expected
to function seamlessly in various mobile communication
systems. Numerous research activities have been focused
on adaptive RF circuits that can function according to any
specification [1], [2].

The Power amplifier (PA) is a key device in RF cir-
cuits. The PA has a much greater impact on power dissi-
pation than any other component in the RF circuits for mo-
bile terminals. The PA must achieve a high level of oper-
ating efficiency in order to maximize the battery life time
and minimize the size and cost of the terminals even if the
PA has to cover a wide band or multiple bands. Several ap-
proaches have been developed for a multi-band PA [3]-[18].
A commonly used approach is “unit selection” [3], [4]. This
scheme implements several PA units that operate efficiently
in a single band or some adjacent bands. The circuit scale
basically increases in proportion to the number of the PA
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units. Another approach is the “broadband matching” [5],
[6] or “multi-band matching” [7]-[9] that covers all or sev-
eral operating bands employing specially-designed match-
ing networks (MNs). The former, which has a flat frequency
response over all operating bands, is inappropriate to config-
ure a highly efficient PA when the upper and lower limits of
the operating bands are far apart. The latter, which achieves
optimum matching simultaneously in multiple bands, needs
complex circuits to provide multi-band operation. More-
over, designing multi-band MNs becomes difficult when the
number of the operating bands increases. One practical ap-
proach for the multi-band PA is to employ “reconfigurable
MNs” [10]-[18] that change their frequency responses using
variable devices. This type of structure represents a promis-
ing solution because it has a reasonably sized circuit config-
uration considering multiple band operation while providing
adequate characteristics.

There have been reports on a 1-W class band recon-
figurable PA employing micro-electro-mechanical systems
(MEMS) Single-Pole-Single-Throw (SPST) switches [14]-
[16] as variable devices. The PA includes multi-section
reconfigurable MNs (MR-MNs), which basically have one
switch in one section as shown in Fig. 1(a), and exhibits
performance levels close to those of a single-band PA in
the 1, 1.5, 1.9 and 2.5-GHz bands [16]. The performance
of the MEMS switch is close to that of an ideal switch
with both a low insertion loss and a high isolation. How-
ever, there are some issues that need to be addressed in ap-
plying MEMS switches to mobile terminals, such as cost
reduction, ensuring long-term reliability, and reducing the
operating voltage. From a more practical view, applying
semiconductor switches instead of MEMS switches is at-
tractive to not only solve the above-mentioned issues but
also facilitate a high level of integration for the PA. A band-
switchable multi-band power amplifier (BS-MPA) employ-
ing GaAs FET switches was fabricated and tested [17], [18].

Transmission line Transmission line

Switch ; Switches vee
Matching ﬁ Matching
block block

(a) One switch in one section (b) Several switches in one section

Fig.1 Configurations of one section in the MR-MN.
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The fabricated BS-MPA achieves an adequate gain and an
output power of over several watts in 9 bands from 0.7 to
2.5GHz allocated to mobile communications all over the
world. However, since the equivalent resistance of the on-
state FET switch is higher than that of the MEMS switch
used in the previous studies, the power dissipation at the
FET switch has a stronger influence on the performance
of the PA than that from the MEMS switch. In [17] and
[18], as shown in Fig. 1(b), some sections employed several
switches instead of one switch in one section to reduce the
current flowing through each on-state switch and the power
dissipation at the FET switch. Reduction in the circuit size
and cost of the configuration were required because many
switches were implemented.

This paper presents a novel design scheme to config-
ure the MR-MN with lower power dissipation at the on-
state switch for low loss matching in individual bands. The
scheme is based on the use of several sections that have one
switch. This paper also describes numerical quantitative
analyses of the power dissipations at the on-state switches
based on the relational expressions between the impedance
transformation and the current flowing through the switch.
These analysis results yield design parameters to achieve
the low loss MR-MN and indicate improvement in the in-
sertion loss by the MR-MN with the determined parameters
compared to the conventional MR-MN. Following the de-
sign parameters for the MR-MN, a 3-stage 9-band BS-MPA
from 0.7 GHz to 2.5 GHz, i.e.,0.7,0.8,0.9, 1.5, 1.7, 1.8, 1.9,
2.3, and 2.5 GHz bands, is newly designed and fabricated on
a multi-layer Low Temperature Co-fired Ceramic (LTCC)
substrate. The experimental results of the BS-MPA show
a gain exceeding 30 dB for each frequency band. The BS-
MPA achieves an output power exceeding 33 dBm with the
maximum power-added efficiency (PAE) of over 40% with
a continuous wave (CW) test signal in the targeted 9 bands.
In addition, an output power of approximately 29 dBm un-
der an Adjacent Channel Leakage Ratio (ACLR) of less than
—37 dBc is achieved with a W-CDMA test signal.

2. Band-Switchable Multi-Band PA

Figure 2 shows a block diagram of the 3-stage BS-MPA.
Since the output power of the first stage is at a low or
medium level, broadband amplifiers with moderate effi-
ciency can be applied to this stage. The second and third
stages have a greater effect on the power consumption than
the first stage. Therefore, the MNs for these two stages
should be configured with the MR-MNss to achieve matching
precisely.

2.1 Basic Configuration for MR-MN

The MR-MNs proposed in [14] provide practical configu-
rations for a reconfigurable MN. Figure 3 shows the basic
configuration as the output MN for N-band operation. Here,
B, (1 < n < N) is the n-th band with the center frequency
of f,. The f, is allocated in accordance with f; > --- > fy.
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Fig.2  Block diagram of a 3-stage power amplifier.
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Fig.3  Basic configuration of a multi-section reconfigurable matching
network applied to output matching network.

The whole MN includes a fixed MN and a MR-MN that
consists of N—1 sections. One section has a shunt SPST
switch connected to a transmission line (TL) for reconfigu-
ration. In Fig. 3, the length of the TL, d,, and the reactance
of matching block 7 in the section n are designed to achieve
matching in B,,; on the assumption that switch 7 is in the
on-state in single stub matching scheme [19]. The character-
istic impedance of the TL is set to Z0 because the following
sections prevent the impedances in the matched bands from
being unmatched. The fixed MN is designed for matching
in B;. The configurations of the fixed MN and each section
basically have low-pass characteristics. The MR-MNs are
reconfigured in accordance with the change in the operating
band and provide an amplification device with the optimum
impedance condition in each of multiple bands. Since no
switches are inserted in series into the output signal paths,
the configuration is expected to have less effect on the out-
put power (Pout) and PAE. The same configuration can be
applied to the input MN as well.

2.2 Low Loss Design for MR-MN

A simple equivalent circuit for an actual switch is described
as a resistor for the low impedance in the on-state. Partic-
ularly, the power dissipation at the on-state switch becomes
potentially a serious issue due to decreases in the output
power and operating efficiency. Figure 4 shows a circuit
diagram for investigating the power dissipation at the on-
state switch employed for matching in B, in Fig.3. All
switches except switch n are in the off-state. The off-state
switches are not shown in Fig.4 because their isolation is
assumed to be infinite for the sake of simplicity. In Fig.4,
the TL length is the sum of the TLs between the first sec-
tion and the section n in Fig.3. In Fig.4, Z7 is the output
impedance of the transistor. Term Z; is the impedance where
Zr is transformed by the fixed MN.

Power dissipation, Py, at the on-state switch, can be
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block n
%(_}
Section n

Fig.4  Circuit diagram for investigating power dissipation at on-state
switch.
written as
Pa1 =12 R (1)
swl — Lgw SW

where Ry is the equivalent resistance of the on-state switch
and Iy, is the root mean square (RMS) RF current flowing
through the switch. Here, Iy, is given as

2

where the P is the power delivered to the load, Zy, [15] and
a mismatch loss by Ry, is not taken into account. The |Ig|
is the magnitude of the complex Iy, which is the relation
between Z, and Zy, and defined as

Zy— 2o
[y==%
£ Z+ 2

= | e, ©

Then, the insertion loss of the MR-MN for matching in B,

L,1, can be estimated as
2
1— Rﬁ[ 4lrg| ]

)
Zo 1_|Fg|2

Ly = P/ (P - Pgy1) = 1/

From Eq. (2), Iy, monotonically increases with respect to
the increase in |Iy|. Then, Py, and L, also increase as
[I'y| increases as in Egs. (1) and (4), respectively. For ex-
ample, if P=1W, [I| =09 and Ry, = 1Q, L,; = 1.81dB
is obtained from Eq. (4). On the other hand, the value for
[l in each band is determined by Zr and the fixed MN.
Namely, the fixed MN is employed not only to configure the
MN for B; but also to reduce the power dissipation at the
switches included in the MR-MN. Here, Zr is assumed to
be constant in terms of frequency because the Zr values of
the actual transistor are approximately constant in the target
bands. When Zry is satisfied by |[I't| = 0.9 and 6 = 180 de-
grees from Eq. (3), the calculated |Ig|, L,, and the improve-
ment in the loss compared to that for the MR-MN without
the fixed MN are indicated in Table 1. Here, 9 bands allo-
cated for mobile communications are selected as the target
bands for calculation. It is assumed that the TL and match-
ing blocks are lossless. Table 1 shows that the L,;s in the
higher bands are less than those in the lower bands because
the || values in the higher bands become smaller than those
in the lower bands due to the fixed MN. There is no loss from
the switch for matching in the 2.5-GHz band. The improve-
ments in the insertion loss are verified to be more than 1 dB

IEICE TRANS. ELECTRON., VOL.E95-C, NO.7 JULY 2012

Table 1 Insertion loss and improvement effect for fixed MN.
Frequency
(GHz) 0710809 |15 |17 18]|19|23]|25
M 0.8910.88 |0.87[0.80|0.74|0.70 | 0.66 | 0.30 | 0
G, (deg.) 173 | 171 | 170 | 159 | 154 | 150 | 146 | 121 0
L, (dB) 1.58 1139|124 0.67 044035028003 0
Improvement| o »3 | 042 [ 0.57 | 1.14 | 137 | 1.46 | 1.53 | 1.78 | 0
(dB)
Z,
Transistor ~ Z, €] Transmission lines (Z) Load
4_ n dm
Fixed r 1
Matching . < )
Switch m 2 Switch n
Z network (Ror) > * (o) * Z
Matching | [&w» Matching lswn
block m block n
A% ~ J IS v J
Section m Section n

Fig.5  Circuit diagram for investigating the insertion loss due to two
sections with on-state switches.

in the 1.5-GHz and higher bands. In general, the low loss
characteristics of the MN in the high bands have additional
advantages because it is more difficult to obtain an adequate
gain or efficiency level depending on the performance of the
transistor as the operating bands become higher.

For further improvement in the lower bands, the newly
proposed design scheme employs several sections simulta-
neously to decrease the power dissipation at the on-state
switch. In this case, the insertion loss of the MR-MN is
the sum of the power dissipation at each switch in the on-
state. As the simplest case, Fig. 5 shows a circuit diagram
for investigating the insertion loss of the MR-MN with two
sections including the on-state switch, namely section m and
section n. Section m is the newly added section or any sec-
tion between section 1 and section n — 1. The values of the
currents flowing through the on-state switches are described
as Iy, and Iy, in Fig. 5. In Fig. 5, Z, is transformed to Z,
by section m and then Z,, is transformed to Z; by section n.

The relation, I, between Zy and Z,, in Fig. 5 is defined
as

 Zu—Z

— = .i9m’ 5
g = ale )

Iy
where |[,| and 6,, are the magnitude and phase angle of
complex [, respectively. Then, from Eq. (5),

1=\
Gm:YO | | 2 (6)
142, cosb, + |yl

and

=2 || sin b,
O+ 21 08 O + [Tl
where Y,, = 1/Z,, = G,, + jB,, and Yy = 1/Zy. On the other
hand, in Fig. 5, the reactance, Y (d,,) = G (d,,) + jB(d,), at

the distance of electrical length, d,,, from the fixed MN on
the TL is given as

)



FUKUDA et al.: LOW-LOSS MATCHING NETWORK DESIGN FOR BAND-SWITCHABLE MULTI-BAND POWER AMPLIFIER

- |
G (dy) = Yo . )
1+2|lg|cos (2, — ;) + [T
and
2| ,|sin(2d,, — 6.
B(d,) = Y, ] sin( ;) . ©)
1+2|Fy|cos (2dy - ) + |I|
Since G, = G(d,;) from Egs. (6) and (8), we have
|Fm|2_|Fg|2+|Fm| (1 _|Fg|2)COS Gm
cos(2d,,—0,)= . (10)
( g) |Fg|(1—IFm|2)
From Eq. (10), d,, can be written as
d, = %(cos_la+9g), (11

where « is the right member of Eq.(10). When n/2 <

cos”! @ < m, the minimum d,, depends on 6, and is given

as

] {27r —cos™! (a/)+9g} at —n<fy<—cos™! (@)
d, = % {cos‘1 (0/)+9g}
1
2

{— cos™! (a)+0g}

at 0<6y|<cos™ (@) . (12)
at cos™! (@) <y <m

Then the susceptance of matching block m, By,,, can be writ-
ten as

Bow = By — B(dy). (13)

At the matching condition, the RMS voltage, Vg, at d,,
from the fixed MN in Fig. 5 can be written as

Vim = \VP/Gp. (14)

From Egs. (13) and (14), Iy, is given as

1+ 2|0l €086y + 1Tl
Iswm = |Bbm| VPZO\/ 1 |r |2 . (15)

Here, when Eq. (15) is derived, the mismatch loss by Ry
is not taken into account. Figure 6 shows plots of I, as
a function of 6,,. Here, parameters of P = 1 W, |I's| = 0.9,
and 6, = 180 degrees are selected as an example. According
to Fig. 6, I, depends on I, transformed from I'; by sec-
tion m. Meanwhile, I, can be calculated from Eq. (2) by
substituting |I,| instead of |I'| after |I',,| is determined.

The total power dissipation, Py, due to two switches
can be written as

Pyo =13

swm

Ry +I2,, - Ryy. (16)

Then L,,, which is the insertion loss of the MR-MN for
matching in B, can be expressed as

1

2 142|717, ] cos 6,4, L[ 40,
1=Ro {1Bonf? 7o (“2Leletettal ) L (0L )

L=

A7)

Figure 7 shows plots of L, as a function of 6,,. Parameters
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Fig.6  Root mean square (RMS) RF current flowing through the switch
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Fig.7  Estimated insertion loss of the MR-MN due to two sections with
the on-state switches as a function of 8,,.
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Fig.8 Estimated insertion loss of the MR-MN due to two sections with
the on-state switches as a function of |I7,]|.

of P=1W, |I,| = 0.9, 6, = 180 degrees, and Ry, = 1Q
are selected as an example. Loss L,, has the lowest value
around 6,, = 120 degrees at each |I",,|. Figure 8 shows plots
of L, as a function of |[,| at 6, = 120 degrees and L,
has the lowest value around |I',,| = 0.7. The low |[,,| value
means a large impedance transformation between Z; and Z,,
by section m, and as a result, L, becomes large due to the
large Isyp,. On the other hand, a |I',| value greater than 0.8
means a large impedance transformation between Z,, and Z,
by section n, and L,, becomes large due to large Igy,. As
shown in Figs.7 and 8, L,, can be decreased below 1dB,
nevertheless, |[I's| = 0.9 when the loss by one section, L, is
1.81dB, which is obtained from Eq. (4).

Table 2 shows a summary of the calculation results on
the impedance transformations and the total improvement
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Table 2  Insertion loss and total improvement for the MR-MN.
Frequency
(GHz) 07108 09 |15]|17|18|19]23]25
175 0.8910.88{0.870.80|0.74 | 0.70 | 0.66 | 0.30 | 0
Gy (deg) | 173 | 171 | 170 | 159 | 154 | 150 | 146 | 121 | O
|5 | 0.7
N/A | N/A | N/A | N/A | N/A
6, (deg.) 120
L,,(dB) [0.73]0.65]0.59| 0.4 [0.44|0.35|0.28 |0.03| 0
Total
improvement | 1.08 | 1.16 | 1.22 | 1.41 | 1.37 | 1.46 | 1.53 | 1.78 | 0O
(dB)

in the insertion loss due to the one or two sections. Here,
the MR-MN due to the two sections is applied in the bands
lower than 1.7-GHz band because of the insertion loss that
exceeds 0.5dB in the one section from Table 1. Improve-
ment of more than 1dB in the insertion loss is obtained by
designing matching block m so that it is satisfied by |[7,| =
0.7 and 6,, = 120 degrees in the bands lower than 1.7-GHz
band. In a practical design, any one section between the
first section and the section n — 1 can be applied as section
m to achieve the condition regarding |I°,| and 6,, instead of
adding a new section. It is also possible to employ more
than two sections for a lower loss MR-MN using the exist-
ing sections. This approach is very effective to reduce the
circuit size and cost.

3. Design of MR-MN with FET Switches

To demonstrate the validity of the proposed design scheme,
a 9-band PA was designed considering the characteristics
of FET switches. The PA has 3 stages to provide the total
gain of over 30 dB. Each stage is designed individually to
match 50 Q based on prior testing in each stage. The third
stage is designed to achieve power matching based on non-
linear simulations. In the design, the MR-MNs are adopted
in not only the third stage but also the second stage. InGaP
heterojunction bipolar transistors (HBTs) are used as am-
plification devices. Nine bands, 0.7, 0.8, 0.9, 1.5, 1.7, 1.8,
1.9, 2.3, and 2.5 GHz, are selected as the applied or appli-
cable bands for mobile communications all over the world.
Figure 9 shows the measured insertion loss and isolation of
the switch. Here, the effect of bonding wires and feed TL
loss are included. The switch has an insertion loss of less
than 0.7dB and an isolation of greater than 13dB over a
frequency band below 3 GHz.

The power handling capability of the switch is also
tested at 2.5 GHz as a representative frequency and shown
in Fig. 10. The insertion loss and the isolation are almost
constant at the input power of 15 to approximately 35 dBm.

Figure 11 shows the third-order intermodulation dis-
tortion (IMD3) characteristics of the switch at various total
power levels for 2-tone CW input signals (f; = 2.500 GHz,
/> =2.501 GHz). The third order input intercept point (IIP3)
is estimated to be 67 dBm.

The power handling capability and distortion charac-
teristics of the employed FET switch are thought to be satis-

IEICE TRANS. ELECTRON., VOL.E95-C, NO.7 JULY 2012
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Fig.9 Measured insertion loss and isolation of the employed FET
switch.
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Fig.11  Measured third order intermodulation distortion (IMD3)
characteristics of the employed FET switch.

factory to be applied to the MR-MN because the FET switch
is a commercially available antenna switch for GSM appli-
cation. However, the power dissipation at the FET switch,
which is higher than that of the MEMS switch employed in
previous reports, has a great impact on the output power and
PAE degradations of the high power BS-MPA. In the de-
sign of the 9-band PA, the configuration following the pro-
posed design scheme is adopted in the MR-MN in the third
stage where the power dissipation at the switches is out-
side the allowable range. Figures 12(a), (b), and (c) show
the schematics of the first, second, and third stages of the
newly designed 9-band 3-stage BS-MPA, respectively. The
first stage with broadband MNss operates in a wide frequency
band. According to the basic configuration of the MR-MN
shown in Figs. 3, 16 sections (8 for input and 8 for output
MNs) in each stage are required for matching in the 9 bands.
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Fig.12  Schematics of the newly designed 9-band 3-stage BS-MPA.

However, 12 sections (8 for input and 4 for output MN5s) are
required for the second stage. Four sections suffice as the
output MN because several sections cover plural bands. On
the other hand, the third stage has 19 sections because three
sections are added by the low loss design scheme described
in Sect. 2.2. The total number of switches are 31.

4. Fabrication and Measurement
4.1 Fabrication

A prototype of the 9-band 3-stage BS-MPA was fabricated
using LTCC technology. The dielectric constant and to-
tal thickness of the substrate are 7.1 and 0.5 mm, respec-
tively. RF signal lines, active devices (HBTs and switches),
and discrete passive devices are implemented on the top
layer. Because many bias lines for active devices can be
implemented in the intermediate layers by employing the
multi-layer substrate, compact integration of the BS-MPA
can be achieved. A photograph of the fabricated BS-MPA
is shown in Fig.13. The size of the LTCC substrate is
25mm X 25mm. A middle-power HBT with the emitter
size of 1,248 um? and 2 high-power HBTs with the emit-
ter size of 7,488 um? are deployed on the substrate for the
first stage and for the second and third stages, respectively.
In Fig. 13, there are over 31 discrete switches and lumped
elements because some of switches and elements are used
for adjustment for matching in the experiment.

4.2 Measurement

Figure 14 shows the measured frequency responses of the
fabricated BS-MPA at several switch states for the repre-
sentative operation modes: (a) 0.7-GHz, (b) 0.8-GHz, (c)
0.9-GHz, (d) 1.5-GHz, (e) 1.7-GHz, (f) 1.8-GHz, (g) 1.9-
GHz, (h) 2.3-GHz, and (i) 2.5-GHz modes. In Fig. 14, the
9-band BS-MPA achieves a gain of over 30 dB around each
center frequency. Because of the influences of the bonding
wires, the center frequencies in modes (h) and (i) shift lower
by 50 MHz and 100 MHz, respectively. The collector supply
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Fig.13  Photograph of the fabricated 9-band 3-stage BS-MPA.
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Fig.14  Measured frequency responses of the fabricated BS-MPA.

voltage (V) and base supply voltage (V) are setto 3.5V and
1.3V (Class-A) for the first stage, 3.5V and 1.28 V (Class-
AB) for the second stage, and 4 V and 1.26 V (Class-B) for
the third stage, respectively. The results show that the BS-
MPA successfully changes its frequency response through
the activation of FET switches. We also verified that it can
achieve a level of performance close to that for band-free
operation. No undesired oscillations are observed in any of
the modes.

Figure 15 shows the Pout and PAE with the CW
test at the center frequency of each mode for the (a)
low band modes of 0.7/0.8/0.9 GHz, (b) middle band
modes of 1.5/1.7/1.8/1.9 GHz, and (c) high band modes of
2.3/2.5GHz. The HBTs are biased under the same condi-
tions described above. According to Fig. 15, the gain ex-
pansion in a high output power range is observed in each
frequency.

Table 3 shows a summary of the measurement results
for the CW test. The gains in the low band modes are com-
pressed by the first stage so that the difference in gain is
small among operating bands. As a result, the difference
in gain among the 9 bands is 5.6 dB. More specifically, the
maximum gain of 36.4dB in mode (a) and the minimum
gain of 30.8 dB in mode (i) are achieved because of the in-
trinsic gain of the HBTs. The saturation power level (Psat)
exceeds 33 dBm in all bands. The maximum PAE value for
each mode is over 40%. The Psat and maximum PAE at
50 MHz around the center frequency in each mode are also
indicated to be over 33 dBm and 38%, respectively. It is
verified that the PA operates with an adequate bandwidth in
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Fig.15  Measured gain and PAE versus Pout at the center frequency of
each mode.
Table 3 Measurement results on CW test.
Mode @ |® @@ |@]@E]|O]|@]|0]|O
Frequency
(GHz) 0.75]10.85] 09 | 1.5 [ 1.75]1.85]|1.95|225| 2.4
Smallsignal | 30 41 358 1353|343 | 34.1 | 33.4 [ 32.0 | 308 | 308
gain (dB)
Psat (dBm) | 33.9 | 34.7 | 34.5 | 35.1 | 34.6 | 33.6 | 33.8 | 33.3 | 33.5
Maximum
PAE (%) 43 | 40 | 40 | 42 | 46 | 44 | 44 | 42 | 44
Psat
in 50 MHz | 33.5|34.2|34.0 |34.8 |34.4|33.6|33.7|33.3|33.1
(dBm)
Maximum
PAE
in 50 MHz 43 38 38 41 46 43 43 42 44
(%)
each mode.

Figure 16 shows the frequency responses for the maxi-
mum Pout and PAE with W-CDMA (5-MHz adjacent chan-
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Fig.16  Measured frequency responses of Pout and PAE for W-CDMA

test signal with ACLR < —37 dBc.

Table4  Summary of Pout and PAE for W-CDMA test signal.
Mode | (@ | (®) | @© [D ]| @ [ O | @ | 0[O
Frequency
(GHz) 0.7510.851 09 | 1.5 | 1.75]|1.85]|1.95|225| 2.4
Pout " 588 [28.5 [28.7]29.4 {295 [ 29.0 | 20.0 | 29.0 | 28.8
(dBm)
PAE (%) | 23 | 21 23 25 1 29 | 30 | 29 | 31 33

nel leakage power ratio (ACLR) < —37 dBc) for the (a) low
band modes, (b) middle band modes, and (c) high band

modes.

Table 4 shows a summary of the measurement results

on the W-CDMA test with ACLR < —37dBc test.

The

output power levels reach approximately 29 dBm in all the
bands. The maximum PAE values in each mode are 21 to
33%. The PAE values are not so high. One of the reasons
for the low PAE in the case of the W-CDMA test is that
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Table 5  Performance comparison of multi-band reconfigurable PA.
Reference Frequency Gain | Pout | PAE | Variable
(GHz) (dB) | (dBm) | (%) Device
[9] 0.9/1.8 28-30 | 30-31 42 | PIN diode
[10] 0.9/1.8/1.9/2.1 13 27-28 | 30-55 | Varactor
[11] 0.9/1.5/1.9 9-14 | 39-40 | 61-65 | PIN diode
[14] 1/1.5/1.9/2.5 10-12 | 30-31 | 40-55 | MEMS
. 0.7/0.8/0.9/1.5/1.7 FET
This work 11.8/1.972.3/2.4 30-36 | 33-35 | 40-46 switch

the PAE values are deteriorated by the difference in ACLR
levels between the upper and lower sides due to a memory
effect.

Table 5 summarizes the performance of the state-of-
the-art multi-band reconfigurable PA. A practical advantage
of this work is that the proposed BS-MPA can operate in
almost all the mobile communication bands with a moderate
efficiency.

5. Discussion

This paper analyzes numerically the insertion loss of the
MR-MN from the on-state switch. The numerical results
show that it is preferable for the switch to have a low equiv-
alent resistance in the on state such as the MEMS switch.
For example, Table 6 shows the calculated results of the loss
of the MR-MN employing one section, L,;, for matching in
individual bands when Ry, = 0.5, which is achieved by
the MEMS switch employed in previous studies [14]-[16].

However, a comparison of “L,;” in Table 2 and “L,;”
in Table 6 shows that the proposed design scheme can de-
crease the loss from the semiconductor switches to the same
level as that from the MEMS switch. On the other hand,
insufficient isolation of the switch may produce a mismatch
loss in the MR-MN. It is also possible to suppress the mis-
matching loss by designing the MR-MN by giving prelimi-
nary consideration to the isolation. In general, it is difficult
for semiconductor switches to have a low insertion loss in
the on-state and a high isolation in the off-state at the same
time. Therefore, the MR-MN should employ switches with
as a low equivalent resistance as possible, while maintain-
ing the minimum isolation, which depends on the design of
the MR-MN. The relationship between the isolation of the
switch and insertion loss of the MR-MN is shown in [15].

In addition, as a requirement for the switch applied
to the MR-MN, the voltage limitation of the switch is an-
other point to be considered. Since the positions where the
off-state switches are connected depends on the operating
bands, it is useful to consider the maximum voltage that can
be distributed on the TL. Figure 17 shows a circuit diagram
for investigating the voltage on the TL of the MR-MN.

The RMS voltage, V(dy), at distance of electrical
length, d,, from the fixed MN on the TL can be written as

1+2||cos (2d, - 6;) + | [*

Vd,) = | PZ (18)

1_|rg|2
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Table 6  Calculation results on loss from MEMS switch.
Frequency
(GHz) 07108109 (15171819 |23]25

L, (dB) [0.72]0.64]0.58{0.3210.22{0.17]0.14]0.02( 0

Transistor Zg Transmission line (Zo) Load
- First < d —>
Matching
Zr network Zo

Up to section n

Fig.17  Circuit diagram for investigating the voltage on the transmission
line.

50

Maximum RMS Voltage (V)

0
-180 -120 -60 0 60 120 180

Fig.18  Maximum root mean square RF voltage on the transmission line.

Then the maximum V/(dy)max on the TL depends on |I| and
is given as

142|1| cos(2d, -6, )+| [
1=

at cos (Qg) + |Fg| >0 (19)

VPZ,
at  cos (Hg) + |Fg| >0

PZ,

V (dy)max =

Figure 18 shows plots of V(dy)max as a function of 6,.
Here, parameters P = 1 W is selected as an example. The
fixed MN should be designed considering the voltage lim-
itation of the switch because V(dy)max becomes large de-
pending on |Ig|, i.e., V(dy)max is 30V if |[I,| =0.9 and 6,
= 0 degrees, as shown in Fig. 18.

6. Conclusion

This paper presented a novel design scheme for a highly effi-
cient BS-MPA employing the MR-MN. The design scheme
focuses on reducing the power dissipation at the on-state
switch in the MR-MN. The proposed scheme employs sev-
eral sections that match the impedance in stages to mini-
mize the power dissipation. The calculation results through
derived equations on the loss of the MR-MN indicate quan-
titative improvement by applying the proposed scheme. Ac-
cording to a design example under practical conditions,
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the impedance transformation by the proposed scheme im-
proves the insertion loss by more than 1 dB. The fabricated
LTCC 9-band BS-MPA including newly designed MR-MNs
successfully switches its operating band from 0.7 to 2.4 GHz
through activation of the switches. A satisfactory output
power level and PAE value in each band are also obtained
in the CW test although the PAE at the input of a W-CDMA
signal needs to be improved. The measurement results con-
firm that the proposed design scheme achieves low loss MR-
MN for a highly efficient BS-MPA. The BS-MPA will con-
tribute greatly to achieving a compact multi-band mobile
terminal. Future issues to be addressed are evaluating the
loss of the MR-MN experimentally, achieving a BS-MPA
with a more practical circuit size, and improving the PAE
observed in the W-CDMA signal test after investigating in
detail the distortion. As a practical BS-MPA, a compact-
sized BS-MPA is reported in [20] followed by the proposed
scheme.

References

[1] G. Hueber and R.B. Staszewski, Multi-mode/Multi-band RF
transceivers for wireless communications: Advanced techniques,
Architectures, and Trends, Wiley-IEEE Press, 2011.

[2] A. Van Bezooijien, R. Mahmoudi, and A. Van Roermund, Adaptive
RF front-ends for hand-held applications, Springer-Verlag, 2011.

[3] S. Zhang, J. Madic, P. Bretchko, J. Mokoro, R. Shumovich, and
R. McMorrow, “A novel power-amplifier module for quad-band
wireless handset applications,” IEEE Trans. Microw. Theory Tech.,
vol.51, no.11, pp.2203-2210, Nov. 2003.

[4] W. Bakalski, B. Sogl, M. Zannoth, M. Asam, B. Kapfelsperger, J.
Berkner, B. Eisener, W. Thomann, S. Marcon, W. Osterreicher, E.
Napieralska, E. Rampf, A.L. Scholtz, and B-U. Klepser, “A quad-
band GSM/EDGE-Compliant SiGe-bipolar power amplifier,” IEEE
J. Solid-State Circuits, vol.43, no.9, pp.1920-1930, Sept. 2008.

[5] A. Sayed and G. Boeck, “Two-stage ultrawide-band 5-W power am-
plifier using SiC MESFET,” IEEE Trans. Microw. Theory Tech.,
vol.53, no.7, pp.2441-2449, July 2005.

[6] LJ.Bahl, “0.7-2.7-GHz 12-W power-amplifier MMIC developed us-
ing MLP technology,” IEEE Trans. Microw. Theory Tech., vol.55,
no.2, pp.222-229, Feb. 2007.

[7]1 S.H.Ji, C. Cho, J.W. Lee, and J. Kim, “Concurrent dual-band class-
E power amplifier using composite right/left-handed transmission
lines,” IEEE Trans. Microw. Theory Tech., vol.55, no.6, pp.1341-
1347, June 2007.

[8] P. Colantonio, F. Giannini, R. Giofre, and L. Piazzon, “A design
technique for concurrent dual-band harmonic tuned power ampli-
fier,” IEEE Trans. Microw. Theory Tech., vol.56, no.11, pp.2535—
2555, Nov. 2008.

[9] D.E. Dawson, “Closed-form solutions for the design of optimum
matching networks,” IEEE Trans. Microw. Theory Tech., vol.57,
no.l1, pp.121-129, Jan. 2009.

[10] Y. Lu, D. Peroulis, S. Mohammadi, and L.P.B. Katehi, “A MEMS
reconfigurable matching network for a class AB amplifier,” IEEE
Microw. Wireless Compon. Lett., vol.13, no.10, pp.437-439, Oct.
2003.

[11] H.Zhang, H. Gao, and G-P. Li, “Broad-band power amplifier with a
novel tunable output matching network,” IEEE Trans. Microw. The-
ory Tech., vol.53, no.11, pp.3606-3614, Nov. 2005.

[12] W.C.E. Neo, Y. Lin, X. Liu, L.C. N. de Vreede, L.E. Larson, M.
Spirito, M.J. Pelk, K. Buisman, A. Akhnoukh, A. de Graauw, and
L.K. Nanver, “Adaptive multi-band multi-mode power amplifier us-
ing integrated varactor-based tunable matching networks,” IEEE J.
Solid-State Circuits, vol.41, no.9, pp.2166-2176, Sept. 2006.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

IEICE TRANS. ELECTRON., VOL.E95-C, NO.7 JULY 2012

H.M. Nemati, J. Grahn, and C. Fager, “Band-reconfigurable LD-
MOS power amplifier,” Proc. 40th European Microwave Confer-
ence, pp.978-981, Paris, 2010.

A. Fukuda, H. Okazaki, T. Hirota, and Y. Yamao, “Novel
900 MHz/1.9 GHz dual-mode power amplifier employing MEMS
switches for optimum matching,” IEEE Microw. Wireless Compon.
Lett., vol.14, no.3, pp.121-123, March 2004.

A. Fukuda, H. Okazaki, T. Hirota, and Y. Yamao, “Novel
band-reconfigurable high efficiency power amplifier employing
RF-MEMS switches,” IEICE Trans. Electron., vol.E88-C, no.11,
pp.2141-2149, Nov. 2005.

A. Fukuda, H. Okazaki, and S. Narahashi, “Highly efficient multi-
band power amplifier employing reconfigurable matching and bi-
asing networks,” IEICE Trans. Electron., vol.E93-C, no.7, pp.949—
957, July 2010.

A. Fukuda, K. Kawai, T. Furuta, H. Okazaki, S. Oka, S. Narahashi,
and A. Murase, “A high power and highly efficient multi-band power
amplifier for mobile terminals,” Proc. Radio and Wireless Sympo-
sium (RWS), pp.45-48, New Orleans, 2010.

T. Furuta, A. Fukuda, K. Kawai, H. Okazaki, and S. Narahashi,
“Multi-band power amplifier on an LTCC Substrate,” IEEE Topi-
cal Symposium on Power Amplifiers for Wireless Communications
(PAS), Sept. 2010.

D.M. Pozar, “Impedance matching and tuning,” in Microwave Engi-
neering, Chapter 5, pp.251-299, John Wiley & Sons, 1998.

T. Furuta, A. Fukuda, K. Kawai, H. Okazaki, and S. Narahashi,
“Compact 1.5 GHz to 2.5 GHz multi-band multi-mode power am-
plifier,” IEICE ELEX, June 2011.

Atsushi Fukuda received the B.E. and M.E.
degrees in electrical engineering from Tokyo
University of Science, Tokyo, Japan, in 1997
and 1999, respectively. In 1999, he joined NTT
DOCOMO, INC., where he is involved in re-
search on RF circuits and development on base
station equipments for mobile communication
systems. He is a member of the IEEE.

Takayuki Furuta received the B.E.
and M.E. degrees in electric engineering from
Hokkaido University, Sapporo, Japan, in 2002
and 2004, respectively. In 2004, he joined
NTT DoCoMo wireless laboratories, where he
is involved in research on RF and microwave
circuits for mobile communication systems.
Mr. Furuta was the recipient of the 2010 Young
Researcher’s Award presented by IEICE.



FUKUDA et al.: LOW-LOSS MATCHING NETWORK DESIGN FOR BAND-SWITCHABLE MULTI-BAND POWER AMPLIFIER
1181

Hiroshi Okazaki received the B.E. and
M.E. degrees from Osaka University, Osaka,
Japan, in 1988 and 1990, respectively, and
Dr. Eng. degree from Tokyo Institute of Tech-
nology, Tokyo, Japan, in 2011. In 1990, he
joined NTT Radio Communication Laborato-
ries, Kanagawa, Japan, where he was engaged in
research on microwave circuits and equipments
for communication systems. During 2001-
2003, he was with NTT Electronics Corpora-
tion, Tokyo, Japan, where he was engaged in
development of ultra-high-speed devices for photonic communication sys-
tems. Since 2003, he has been with NTT DOCOMO, INC., where he is
involved in research on RF circuits for mobile communication systems.
Dr. Okazaki was the recipient of the 1997 Young Engineer Award pre-
sented by IEICE and the 1998 Japan Microwave Prize at 1998 Asia Pacific
Microwave Conference. He is a senior member of the IEEE.

Shoichi Narahashi received the B.E.
and M.E. degrees from Kumamoto University,
Kumamoto, Japan, in 1986 and 1988, respec-
tively, and the Ph.D. degree from Hokkaido
University, Sapporo, Japan, in 2008. In 1988,
he joined Nippon Telegraph and Telephone
(NTT) Radio Communication Systems Labora-
tories where he was engaged in research and de-
velopment on base station equipment for digi-
tal mobile communications. Since 1992, he has
been with NTT DOCOMO, INC. He is currently
an Executive Research Engineer of Research Laboratories with the mission
of investigating RF circuits for mobile communications. He is a member of
the IEEE and the Society of Instrument and Control Engineers (SICE).

Toshio Nojima received his M.E. and
Ph.D. degrees in electronic engineering from
Hokkaido University, Sapporo, Japan. From
1974 to 1992, he was with Nippon Telegraph
and Telephone (NTT) Communications Labo-
ratories, where he was engaged in the research
and development of high capacity microwave re-
lay systems (SSB-AM and 256QAM systems).
From 1992 to 2001, he was with NTT DoCoMo,
/ Inc., where he was a Senior Executive Research
Engineer and pursued researches on the mobile
communication RF technologies including EMC. Currently, he is a Profes-
sor of the graduate school of Information Science and Technology, Hok-
kaido University. He is a member of the IEEE and the Bioelectromagnetics
Society (BEMS).





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


