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Abstract — A new monolithic PA for 836 MHz CDMA cellular
phone is developed using a simple diode based load modulator at
the output matching circuit. The modulation network allows
power level dependent load impedances for better power-added
efficiencies. Especially, the PAE at the lower output power range,
less than 10 dBm where most of handset operation arises, is
increased more than 80%.

Index Terms — Load modulator, power amplifiers.

1. INTRODUCTION

The efficiency of a handset power amplifier at a low power
region is of supreme interest due to battery lifetime because
the handset operating power level is low mostly, less than 10
dBm[1]-[3] while the maximum output power is about 28
dBm. Various approaches have been reported to get an
increased efficiency at the low power region. A Doherty type
PA improves the efficiency using load modulation method[4]-
[6]. But this type circuit is suitable only for a hybrid type
power amplifier because of the large sized impedance
transforming circuit. Another MMIC PA utilizes a dc-dc
converter to dynamically change the supply voltage[7]. The
dynamic voltage control method can improve the efficiency at
a power back-off region to somewhat degree. But the main
amplifier becomes larger in size and degrades efficiency
greatly due to the insertion loss of the current supplying path
including the fast dc-dc converter. The switching load
modulator[8] has several merits compared with conventional
ones[9]-[13] because of its lower loss and simpler control
circuit. But all previously proposed impedance modulators[8]-
[13] have two problems. First, they require output power level
detection circuit. Second, they require additional bias voltage
control circuit. We have proposed a novel impedance
modulation circuit. The diode based circuit turns on
automatically as the power level increases and which allows
power level dependent load impedance for a better power-
added efficiency, especially at a low power level.

II. AMPLIFIER DESIGN AND THEORETICAL ANALYSIS

Figure 1 shows a schematic of the proposed amplifier which
has two stages (T1-T2). On-chip inter-stage matching
networks are designed for maximum gain under large signal
conditions and a part of the output matching is an off-chip.
The diode based load modulation block includes an on-chip
capacitor series connected with the diode to reduce the
insertion loss of the diode and RF choke for DC path.
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Fig. 1. Schematic of the CDMA power amplifier with diode load
modulator

The diode is implemented using BC junction of HBT to
bear a high power operation. Without the DC current path, a
large signal swing can’t be built through the diode. If RF
voltage signal v, =V, cos @t is supplied to the diode, the
diode current can be represented as follows.

V, cosat

ip=1e " )
Where n and [ represent the ideality factor and saturation
current of the diode, respectively. The i, is a periodic
function because the exponential function has periodic
argument. Therefore, i, can be expanded into Fourier series
and the fundamental and DC components of the current i,
are represented as follows.
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where the function /,(x) and /(x) represent the modified
Bessel functions of the first kind with order 0 and 1,
respectively. The impedance for fundamental frequency can
be obtained easily using above equations as follow.
V

Z =— 0 @)
21 1,

T

where Z, is a monotonously decreasing function of V.
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Fig. 2. Device load impedance and diode DC current versus output
power

Therefore, the impedance Z;y; of the load modulation block
gradually approaches the impedance of C, as the output power
level increases. This is the load modulation we want. In reality,
Z1 v is modified a little because of the diode capacitance but
the intrinsic characteristic remains unchanged. The simulated
results for the load impedance Zg4., and diode DC current Ipc
in figure 1 versus output power are shown in figure 2. As
shown, there is a significant load modulation, high impedance
at a low power level and low impedance at a high power level.
The PA for the CDMA handset operates usually in the light
class AB - almost class A - because the system requires highly
linear performance. Therefore, the analysis of class A can be
used for the analysis of the CDMA amplifiers as a matter of
convenience. To evaluate the performance of the modulation
circuit, we compare the efficiencies of the two amplifiers
with/without load modulation. We have analyzed them using a
right trapezoid I-V model which is closer to the real device I-
V than a rectangular I-V model. In the figure 3, V, and I
represent the peak magnitudes of voltage and current signals,
respectively, when the PA operates in its maximum output
power level. Vo and Iy can be represented by V,, =Z,,/ ,
where Z is the optimum load impedance at the maximum
output power level. Vi and Iy represent the knee voltage and
current of the PA at the maximum output power level. Vi and

I are given by V, =R I, , where R, is the device on-
resistance. The efficiencies of the PA operations at the
optimum bias with conventional matching circuit, 77,,.., and
at the optimum bias with the load modulation circuit,
Npiusemoa €aN be calculated using figure 3(a) and 3(b) as

follows.
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Fig. 3. (a) Class A load line with bias control (b) Class A load line
with load modulation and bias control
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where g =R, /Z,, , and o represents power back-off level
against the maximum output power. The ratio r, of the two

efficiencies versus power back-off level is shown in figure 4.
As expected, the efficiency of the amplifier with bias control
and load modulation shows a far better efficiency than the
other case as q and o increase. The device which has large q
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Fig. 4. Calculated efficiency ratio versus power back-off level
means that its knee voltage and/or R, are large and voltage
swing is small by its small breakdown voltage such as CMOS
devices. The large & means that the operation power level is
low compared with the maximum operation power level.
Therefore, the power amplifier with load modulator is
especially effective for the devices which has a large knee
voltage and/or R, and small breakdown voltage. In addition,
it is very effective for the all kinds of devices when they
operate at high back-off level compared with their maximum
power level.

III. EXPERIMENTAL RESULTS

The device is fabricated using HBT3-PA 45 GHz f;

InGaP emitter Heterojunction Bipolar Transistor (HBT)
process of Skyworks, CA. It features HBTs, Schottky diodes,
base-collector junction diodes typically used for ESD
protection, TaN resistors (50 € /sq), MIM capacitors
(0.555fF/um?), inductors, vias and bonding pads. A die
photograph of the fabricated amplifier is shown in figure 5.
The chip size is 1.1X1.2mm’. A 56um”24 unit-cell HBT is
used for the drive stage, a 56um” 96 unit-cell HBT is used for
the output stage, and 24um’ 48 unit-cell BC diode is used for
the load modulation block. In order to achieve better
tunability for the prototype, the output matching circuit is
implemented using off-chip components. Measurements are
performed on a 400 um-thick FR4 printed circuit board and a
chip-on-board assembly is exploited. The gain loss due to the
parasitic emitter inductance is minimized by using a large
number of down-bonding wires. The bias point is adjusted
according to the power level using the control signal available
from the base-band controller of CDMA handset. Figures 6
and 7 show PAE, gain, and ACPR of the amplifier at Vcc=3.4
V for reverselink IS-95 A signal with chip rate of 1.2288Mcps
at Korean cellular band (center frequency=836.5 MHz). In the
case of the bias control with the load modulation, PAE of 14%
which is 3.5% better than the case without modulation, and
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Fig. 5.  Die micrograph

ACPR of -46dBc are achieved at an output power of 16 dBm.
Especially, the PAE at the lower output power range, less than
10 dBm where most of handset operation arises, is increased
more than 80% as shown in figure 6. It is lower than the
theoretical value shown in figure 4. The reason is that the
modulated impedance level supplied at the low power level is
not large enough to satisfy theoretically required impedance
level which is around one hundred €. The upper impedance
level is limited by the terminal impedance 50 €2 . In
conclusion, we have proposed a diode based load modulation
circuit suitable for monolithic PA and demonstrated the
performances. A theoretical analysis is carried out for
comparison of the efficiencies of the base bias-controlled
amplifiers with/without the load modulation. The PAE of the
amplifier is remarkably improved over whole output power
range while satisfying the stringent ACPR requirements of the
CDMA handset systems. The improvement is especially
significant at a low power level.

V. CONCLUSION

In conclusion, we have proposed truly automatic impedance
modulator which doesn’t require any power detection circuit
and bias circuit which are always required for conventional
impedance modulation circuit. And a theoretical analysis is
carried out for comparison of the efficiencies of the base bias-
controlled amplifiers with/without the load modulation. And
the results have shown a far superior performance of the
amplifier with the load modulation circuit. We have built a
diode based load modulation circuit suitable for monolithic
PA and demonstrated the performances. The PAE of the
amplifier is remarkably improved over whole output power
range while satisfying the stringent ACPR requirements of the
CDMA handset systems. The improvement is especially
significant at
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Fig. 6. Measured PAE and PAE ratio versus output power
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Fig. 7. Measured Gain and ACPR versus output power

a low power level. The PAE is increased more than 80% at the
low output power range, less than 10 dBm where the most of
handset operation arises.

ACKNOWLEDGEMENT

Authors thank Skyworks Solutions, Inc. for the chip
fabrication. This work is partially supported by BK-21
program of Ministry of Education.

(1]

(2]

[3]

(4]

(5]

[6]

(7]

(8]

REFERENCES

J. F. Sevic, “Statistical Characterization of RF Power Amplifier
Efficiency for CDMA Wireless Communication Systems,”
IEEE Wireless Communications Conference, pp. 110-113, 1997.
P. M. Asbeck, and L. E. Larson, “Synergistic Design of DSP
and Power Amplifiers for Wireless Communications,” Proc.
APMC-2000, Dec. 2000.

T. Fowler, K. Burger, N. S. Cheng, A. Samelis, E.
Enobakhare,and S. Rohlfing, “Efficiency Improvement
Techniques at Low Power Levels for Linear CDMA and
WCDMA Power Amplifiers,” I[EEE RFIC Symposium Digest,
pp. 41-44, 2002.

M. Iwamoto, A. Williams, P. F. Chen, A. Metzger, C. Wang, L.
E. Larson, and P. M. Asbeck, “An Extended Doherty Amplifier
with High Efficiency Over a Wide Power Range,” IEEE MTT-S
Digest, pp. 931-934, May 2001.

Y. Yang, J. Yi, Y. Y. Woo, and B. Kim, “Optimum Design for
Linearity and Efficiency of a Microwave Doherty Amplifier
using a New Load Matching Technique,” Microwave Journal,
pp. 20-36, Dec. 2001

J. Cha, Y. Yang, B. Shin, and B. Kim, “An Adaptive Bias
Controlled Power Amplifier with a Load-Modulated Combining
Scheme for High Efficiency and Linearity,” IEEE MTT-S Digest,
pp. 81-84, Jun. 2003.

M. Ranjan, K.H. Koo, G Hanington, C. Fallesen, and P. Asbeck,
“Microwave power amplifiers with digitally-controlled power
supply voltage for high efficiency and high linearity,” IEEE
MTT-S Digest, pp. 493-496, Jun. 2000.

Seungwoo Kim, Jongwoo Lee, Jinho Shin, and Bumman Kim,
“CDMA Handset Power Amplifier with a Switched Output
Matching Circuit for Low/High Power Mode Operation,” /IEEE
MTT-S Dig., pp. 1523 - 1526, June, 2004.

[9] Keiko Yamaguchi, and Naotaka Iwata, “Matching circuit and a

[10]

[11]

[12]

[13]

method for matching a transistor circuit,” U.S. patent, no.
6,130,589, Oct. 2000.
Anton Mavretic, and Tomislav Lozic, “Method and apparatus
for matching a variable load impedance with an RF power
generator impedance,” U.S. patent, no. 6,424,232, Jul. 2002.
William P. Alberth, Jr., Armin Klomsdorf, and Luke
Winkelmann, “Amplifier system with load control to produce
an amplitude envelope,” U.S. patent, no. 6,438,360, Aug. 2002.
Shuo-Yuan Hsiao, Wei-Shu Zhou, and Nanlei Y Larry Wang,
“RF amplifier having switched load impedance for back-off
power efficiency,” U.S. patent, no. 6,522,201, Feb. 2003.
Nobuo Hareyama, “Matching apparatus,” U.S. patent, no.
6,538,506, Mar. 2003.



	Select a Link Below
	Return to Main Menu
	WE2E: Power Amplifiers for Wireless Aplications
	Wideband Envelope Elimination and Restoration Power Amplifier with High Efficiency Wideband Envelope Amplifier for WLAN 802.11g Applications
	Enhanced Linearity and Efficiency of HBT Power Amplifiers for 5-GHz Wireless-LANs.
	CDMA Handset Power Amplifier with Diode Load Modulator
	A 900/1500/2000-MHz Triple-Band Reconfigurable Power Amplifier Employing RF-MEMS Switches
	A Novel Tunable Broadband Power Amplifier Module Operating from 0.8 GHz to 2.0 GHz
	Switch Less Impedance Matching type W-CDMA Power Amplifier with Improved Efficiency and Linearity under Low Power Operation
	A High Efficiency, High Voltage, Balanced Cascode FET




<<
  /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
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




