IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, NO. 11, NOVEMBER 1995

2557

Quasi-Linear Amplification Using Self
Phase Distortion Compensation Technique

Hitoshi Hayashi, Member, IEEE, Masashi Nakatsugawa, Member, IEEE, and Masahiro Muraguchi, Member, IEEE

Abstract—This paper demonstrates a self phase distortion
compensation technique to realize linear power amplifiers, in
which the positive phase deviation from a common-source FET
and the negative phase deviation from a common-gate FET cancel
each other. It is confirmed both theoretically and experimentally
that increasing the drain-to-source conductance, G;, causes the
self phase distortion compensation effect. An experimental power
amplifier for L-band personal communications systems, which
employs the cascode connection, shows good phase deviation
performance. More than 20-dB gain, 21-dBm output power, and
50% power added efficiency are obtained along with the adjacent
channel interference of —52 dBc in 192-kHz bands at 600-kHz
offset frquency from 1.9 GHz at the operating voltage of only 3 V.
The demonstrated performances satisfy the specifications for the
1.9-GHz Japanese Personal Handy-phone System (PHS) utilizing
the 7/4-shift QPSK modulation scheme. The proposed technique
is suitable for MMIC design, and allows the design of handsets
that are small, lightweight, and have long operating times.

I. INTRODUCTION

T IS IMPORTANT in mobile and personal communication

systems [1] to extend the operation time, and to minimize
the volume and weight of handy phone sets. One of the most
effective ways of reducing volume and weight is to reduce
the battery size, because the battery is the largest and heaviest
device used in handy phone sets. However, when the battery
size is decreased, its capacity is decreased proportionally.
Therefore, the power consumption of handy phone circuits
should be drastically reduced.

Since the power amplifiers (PA) consume a large portion of
the total dc power in the handsets for the Japanese Personal
Handy-phone System (PHS), highly efficient PA’s that operate
near the saturation region are required.

In order to use the radio spectrum more efficiently, PHS
adopts the narrow-band 7/4-shift QPSK modulation scheme
which does not have a constant envelope. The nonlinearity of
conventional high-efficiency amplifiers (class C or F) increases
adjacent channel interference when they process 7 /4-shift
QPSK signals. Many investigations into distortion compen-
sation considered the phase distortion effect to be negligible
[2].

Phase distortion, however, significantly increases with AM-
PM conversion near the saturation region, resulting in in-
creased adjacent channel interference. It is crucial to realize
low adjacent channel interference and high efficiency simul-
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taneously with operation near the saturation region while
suppressing the phase ponlinearity.

Studies on some large signal GaAs MESFET models [3],
[4] and analysis of large signal GaAs MESFET amplifier
characteristics [5] have been reported. Recently, Ikeda showed
details of the phase distortion mechanism of a GaAs MESFET
power amplifier [6]. He pointed out that the phase deviation of
the common-source FET (CSF) increases with the input power
and that phase variation could be reduced by combining the
phase deviation effect of the drain-to-gate conductance, Gy,
with that of the drain-to-source conductance, (4, at saturation
region. However, no method of utilizing this effect was given,
only its effect on output impedance was mentioned.

There were also some reports on achieving amplitude con-
trol while minimizing the phase variation by using the dual-
gate FET’s [7]. The dependence of gain, phase, and stability
on the dual-gate FET’s second gate termination has also been
considered [8]. None of these papers, however, has the goal
of improving AM-PM conversion at the saturation region.

This paper describes an effective way of increasing PA
efficiency by improving linearity while satisfying the PHS
specifications.

II. PHASE DISTORTION COMPENSATION METHOD

A. Input-Output Phase Characteristics of CSF and CGF

Due to the fact that the CSF delivers the output power
out of phase while the common-gate FET (CGF) does so in
phase, their AM-PM conversion at near saturation region are
also expected to have! opposite behaviors. Accordingly. we
measured the large-signal phase distortion characteristics of
the CSF and CGF.

A CSF and a CGF were fabricated and tested. Measured
phase deviation versus the output power is shown in Fig. 1.
The input power level was varied from —20-14 dBm. The
phase deviation means the phase deviation from the linear
region. The saturation current (Igss), Wy and Lg of FET’s
were 416 mA, 1,920 pum, and 0.7 pm, respectively. FET
performance was measured at a drain voltage of 3 V and an
idle drain current of I, /5. Phase deviations were measured
using the HP 8753C network analyzer’s power sweep function.
Both FET’s were fabricated at the same time by using a type
of selected ion implantation process. Their input and output
impedances were small-signal-gain matched with slide-screw
tuners. The operating ‘frequency was 1.9 GHz. As the input
power increases, the phase deviation of the CSF increases
while that of the CGF decreases.
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Fig. 1. Phase deviation versus the output power of the CSF and CGF.
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Fig. 2. Simplified equivalent circuit analysis of the different phase deviation
between CSF and CGF. (a) CSF. (b) CGF.
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B. Analysis and Experiments of FET Model

FET phase distortion has four independent origins [6]: Gate-
to-source capacitance, Cgs; gate-to-source conductance, G gs;
drain-to-source conductance, (4; and drain-to-gate conduc-
tance, Gg4. In the near-saturation region, the phase deviation
can be attributed to an increase in G4 and Cy,. Of particular
interest is the behavior of the dominant sources of phase
distortion effects, i.e., G4 and Cys.

The contribution of G4 and Cy, to the phase deviation is
discussed here using the simplified equivalent circuits of the
CSF and CGF shown in Fig. 2 with reference to Appendixes
A and B.

In the case of the CSF, the phase of Sy is

phase(Sy;) =7 — tan™!

w{(CgSZm + CdsZ02) + GdC’gsZmZoz}
1+ GaZoy — w?CysCas Zo1 Zo2

(D
The differentials of G4 and Cy, are thus
aphase(‘s’Ql) aphase(S21)
0 0. 2
aG, 0 T ac, @
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Fig. 3. Variation of the normalized values of the two nonlinear elements
(Ga,Cys).

The phase deviation increases with G4, but decreases with
Cys- On the other hand, in the case of the CGF, the phase
of 521 is

—ngsZOI(]- + GdZOZ) j] 3)
L+ (gm + Ga)Zo1 + GaZoza |

phase(Sp;) = tan™? [

Thus the differentials of G4 and C,, are

8phase(S21)
G,

8phase(SZI)

0
<% TTaC,,

<0. “)

The phase deviation decreases in proportion to the increases
in Gq and Cys. From (2) and (4), it is found that only
G4 causes the difference in the phase deviation between the
two FET’s. In addition, it is clear from (1) and (3) that
the phase deviation of the CSF is not directly influenced by
Jgm, while the phase deviation of the CGF decreases as ¢y,
decreases.

It was confirmed experimentally that G is the dominant
parameter of the phase deviation. The values of G4 and C,
extracted by fitting .S parameters measured at each input power
are shown in Fig. 3. For the FET device, an equivalent circuit
parameter was generated from S parameter measurements
between 1.5-3 GHz. The measured data covering the range
from —10-7 dBm were obtained with the FET biased at a
drain voltage of 3.0 V and an idle drain current of I4../5. The
values of C,, and G4 are normalized by 1.27 pF and 6.25 mS.
The variation of normalized G4 is greater than that of Cg, at
all input power levels. From these results, we conclude that
Gy is responsible for the difference in phase deviation between
the CSF and CGF in the saturation region.

C. Bias Dependence of Phase Shift Behavior

Fig. 4 shows the measured output power and phase devia-
tion at the 1-dB gain compression point (P_;) versus the V,
of the CSF and CGF. The measured data covers Vg, from —0.6
to —1.2 V, which corresponds to an idle drain current from
I4s5/2 10 145, /5, at a drain voltage of 3.0 V. The output power
of the CSF at P_; slightly decreases as the bias current reduces
from I4s5/2 to I4s5/5, while the output power of the CGF at
P_; varies little as the bias current reduces from Ig,./2 to
I4s5/5. The phase deviation increases as the CSF gate bias de-
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Fig. 4. Output power and phase deviation at P_; versus the Vs of CSF
and CGF. (a) Output power. (b) Phase deviation.

creases, while the phase deviation does not change much as the
CGF gate bias decreases. We simulated the bias dependence
of the differential of the phase of S3; using the extracted HP
Root FET model [9]. The variations of the normalized values
of the two differentials (Ophase(S21)/0G ¢, Ophase(S21)/9Cys)
are shown in Fig. 5. The calculations involved (A-5), (A-6),
(B-7), and (B-8). Since the differentials of Jphase(S21)/0Cys
in the CSF and Ophase(S21)/0Gq and Ophase(S21)/0C,s in
the CGF are negative, the relative amounts are compared in
Fig. 5. Normalized values were taken at V,, of —0.6 V and
the input power levels of —15 dBm. The input and output
impedance values, Zy; and Zja, are selected near the output
impedances of the FET’s, 10 ohms. In the CSF, as an idle drain
current varies from Iy, /2 to Iy,5/5, the differentials of Gy
and Cy, increase, and the differential of G4 is bigger than the
differential of C; at any bias value. Thus the phase deviation
must increase as the gate bias decreases. On the other hand,
in the CGF, as an idle drain current varies from I4s./2 to
T45/5, the differential of G4 falls but the differential of Cy,
increases. Accordingly, it is expected that the phase deviation
varies little as the gate bias decreases.

Given the close dependence of the circuit behavior on device
parameter characteristics, the choice of the most suitable FET
bias point is an important matter.

D. Input-Output Phase Characteristics of CCF

The idea of compensating the phase distortion by combining
a CSF with a CGF, as shown in Fig. 6, is rather obvious. In
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Fig. 6. Principle of phase distortion compensation when combining a CSF
with a CGF.

this case, the CSF acts as a prephase-distortion linearizer of
the CGF. It is necessary in this phase distortion circuit to
optimize the FET’s bias levels.

One way of combining a CSF and a CGF is the cascode
connection FET (CCF), in which the drain bias circuit and the
output matching circuit can be eliminated. In order to cancel
out the output phase deviation of the CCF, the saturation
level of the CGF should be suitably higher than that of the
CSF, as shown in Fig. 6, because the input power level of
the CGF is higher due to the gain of the CSF. Fortunately,
the combination of the saturation levels of the CSF and CGF
can be easily changed by adjusting the gate biases because the
allotted supplied drain voltage between the CSF and CGF can
be controlled by the gate biases [10].

The contribution of G4 and Cy, to the phase deviation is
discussed here using the simplified equivalent circuits of the
CCF shown in Fig. 7 with reference to Appendix C.

In the case of the CCF, the phase of Ss; is shown in (5),
at the bottom of the next page.
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Accordingly, the differentials of G4 and C,, are

8ph::mse (521) aphase(521)

Fohase\D21) - phasel?2l) g
6Gd1 >0 aGgsl <

6phase (521) aphase(521)

—_— —— < 0. 6
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This shows that only G 41 always increases phase deviation,
while the other differentials always reduce the phase devia-
tion.

We investigated the phase deviation effect caused by the
CGF. Comparing the phase equation of the CSF, (1), with
the phase equation of the cascode connection, (5), G4 in the
CCF is multiplied by the factor of Ggz/gm2 and Cy in the
CSF is replaced by Cysa * Gao /Gma. In general, the value
Gla2/gm2 1s smaller than 1. Since the phase-increasing effect
of G4 in the case of the CCF is smaller than that in the case
of the CSF, the phase deviation of the cascode' connection
generally decreases. To overcome the excessive decrease in
phase deviation, it is necessary to enhance the contribution
of G41. The above results indicate that by operating the CSF
under low idle current, the phase-increasing effect of Gy is
enhanced.

III. POWER AMPLIFIER PERFORMANCE

To experimentally evaluate the ideas presented in the previ-
ous sections, a PA was built by combining a CSF and a CGF
and putting the output matching circuit outside the FET chip as
shown in Fig. 8. The chip size of the MMIC without the output
matching circuit was 1.35 mm by 1.13 mm. A microstrip line
and chip capacitor on an alumina substrate formed the output
matching circuit. This circuit was designed by using load-pull
measurement results. The gate width of 2,700 pm was selected
by the necessary saturated output power to obtain the adequate
output power for the 1.9-GHz Japanese PHS.

Fig. 9 shows the measured output power and phase devia-
tion versus the input power of the CCF power amplifier as a
function of the drain bias ratio of the CCF to the CSF, V1,
and the CGF, Vs, at a total drain bias, Vy, of 3 V. Here, the
gate bias, V,, of the CGF is a fixed value of 0 V. The drain
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Fig. 8. Configuration of the experimental CCF power amplifier. (a) Circuit
configuration. (b) Photograph of MMIC chip.

bias ratio is varied by the gate bias, V, of the CSF.

Since the same current must run through both FET’s of the
CCF, the decrease of the idle drain current of the CSF means
the increase of the drain bias ratio of the CSF. As the drain
bias ratio of the CSF increases, the phase deviation becomes
smaller. A small phase deviation of less than four degrees
in spite of the near-saturation region operation of 4-dB gain
compression was achieved for output powers upto 21 dBm at
the drain bias ratio of Vj; : Vg = 1.7 : 1.3.

Fig. 10 shows the performance of the amplifier at the drain
bias ratio of Vy Vg = 1.7 1.3. The power added
efficiency (PAE) of 50% was obtained along with the adjacent
channel interference of —52 dBc in 192-kHz bands at 600-kHz
offset frequency from 1.9 GHz. Here, the 1.9-GHz Japanese
PHS employs m/4-shift QPSK modulation scheme, and the
pre-modulation filtering is a root nyquist filter, in which the
roll-off factor is 0.5. The bit rate and the channel spacing
are set at 384 kb/s and 300 kHz, respectively. The adjacent

w (Cgsl Zo1 +
1

Cs2Gay Zo2 + Coss G Gy Z01Z02)

ma

phase(S21) = m — tan™

ma

ma2
G4, G s s
1+ dy Tdy Zoy — w? Cgs,Cgs, G, Z01 %02

&)

Gmo
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Fig. 10. Power added efficiency and adjacent channel interference in 192
kHz bands at 600 kHz offset frequency from 1.9 GHz versus input power of
the experimental CCF power amplifier.

channel interference was measured by using an ANRITSU
MG 3670A digital modulation signal generator, an ANRITSU
MS8604A digital mobile radio transmitter tester, and a HP
8561E spectrum analyzer.

Since the adjacent channel interference of the Japanese
PHS standards are —50 dBc at 600 kHz offset frequency, the
measured linearity is well within the specification. The spectra
of the output QPSK signal of the CCF PA and the conventional
commorn-source FET PA at 4-dB gain compression is shown in
Fig. 11. The adjacent channel interference of the conventional
common-source FET PA is —47 dBc. This demonstrates the
- phase distortion improvement of the CCF PA compared to the
CSF PA. The high PAE of 50%, which is higher than the
20-40% PAE reported for other PA’s [11], [12], is due to the
self phase distortion compensation.
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This enables a small, lightweight PHS handset and long
operating time.

This design technique can be applied not only to amplifiers
but also to limiters, which need to operate with low phase
distortion.

IV. CONCLUSION

We have presented a self phase distortion compensation
technique. The increase in Gd makes the phase deviation
increase in the CSF and decrease in the CGF. Since the
CCF contains both FET’s, the total phase is minimized by
the self phase distortion compensation. The validity of the
design methods were confirmed. The experimental CCF power
amplifier has more than 20-dB gain, 21-dBm output power
and 50% PAE at an operating voltage of only 3 V. Among the
PA’s designed for the PHS handsets, this amplifier achieves
the highest efficiency.

APPENDIX A
SIMPLIFIED EQUIVALENT CIRCUIT ANALYSIS OF CSF

Consider the simplified equivalent CSF circuit model de-
scribed in Fig. 2(a). It consists of a modified small-signal
equivalent circuit. Cgy,Gqq, and G, etc. are ignored to
simplify the calculation. This is reasonable since these are
considered to be almost constant in the weakly nonlinear
region in which the breakdown of the FET does not occur.
The relationship between the voltage and current of each node
is as follows

’il _ ij’gs 0 :l 'Ul:|
i2] | gm  (JwCis+Ga) | |v2 |

Then, transforming Y -parameters to S-parameters, Sz1 is
given by (A2), as shown at the bottom of the next page, in
which Zg; and Zg, are the input characteristic impedance and
output characteristic impedance, respectively. The phase of
Sg1 is given by

(AD)

phase(Sa1) =7 — tan~!

w{(CgsZ()l + CdsZOZ) + GngsZ()lZOZ}]
1+ GaZo2 — w?CysCasZo1 Zo2 ’

(A3)
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Assuming that

f(Ga) =9(Cys)
— w{(CgSZOl + CdsZOZ) + GdCQSZ01Z02}

A4
1+ GyZoy — w?0ysCysZo1 Zo2 a4)
the differentials of the phase of Sy1 are given by
aphase(s2l) _ _ta’nnl{f(Gd)}
0G4 0f(Ga)
Af(Ga) 1 Af(Ga)
. =- >0 A5
0Gy 1+ {f(Ga)}?> 0G4 (A5)
and
aphase(SZI) — ~tan_1{g(cgs)}
8C'gs 89(095)
69(C95) 1 99(Clys)
. =— <0. (A6
9C, 1+ {g(Cys)}?  9Cys (A6)

II. APPENDIX B
SIMPLIFIED EQUIVALENT CIRCUIT ANALYSIS OF CGF

Consider the simplified equivalent CGF circuit model de-
scribed in Fig. 2(b). Furthermore, Cy, is ignored to simplify
the calculation since this is considered to be almost constant
in the weakly nonlinear region. The relationship between the
voltage and current of each node is as follows

11 — gm+jwc’gs+Gd —Gq | |n

i2 ~9gm — Ga Ga||v2]’
Then, transforming Y -parameters to S-parameters, Sai is
given by

(BL)

2(gm +Ga)(Zo1 Zoo)H?
14+ (gm~+Ga) Zo1+GaZo2+ jwCys Zo1 (1+G g Zp2)
(B2)

Sa1=

in which Zg; and Zgo are the input characteristic impedance
and output characteristic impedance. respectively. The phase
of S»; is given by
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and

09(Cys) wZo(1+ GaZo2)

= > 0.
90, 14 (gm + Ga)Zo1 + GaZoo

(B6)

Since g, of the FET for power amplifiers is usually greater
than 100 mS, 1 — g, * Zo2 < 0. Thus, the differentials of the
phase of Sy; are given by

aphase(SQl) . tanil{—f(Gd)}
oGy 0f(Ga)
Of(Gq) _ 1 Af(Ga)
oG, T it U@G)E aG, 0 B
and
3phase(521) _ ta’nil{—g(Ogs)}
aC’gs B ag(CgS)
99(Cys) _ 1 99(Clys)
T80, " T WGIF 00, < ®9

APPENDIX C
SIMPLIFIED EQUIVALENT CIRCUIT ANALYSIS OF CCF

Consider the simplified equivalent cascode connection
model described in Fig. 7. It combines the CSF with the
CGF of Fig. 2. The relationship between the voltage and
current of each node is in (C1) as shown at the top of the next
page, where g,,7 and g,,» are the transconductances of each
FET. Since Cyso > Cgs1, and gpmo > Gg1, G, wCy,o, the
approximate expression for this circuit simplifies to

- 2]
12 Vo

Then, transforming Y -parameters to S-parameters, S»; is
given by (C3) as shown at the top of the next page, in

ijgsl 0
G .
E—d_i' (Gdl + ]wchZ)

m

gm1

phase(Ss;) = tan™! —wC’gsZg(l + GaZoz) ] . (B3) which Zy; and Zy2 are the input characteristic impedance and
L+ (gm + Ga)Zor + GaZoz output characteristic impedance, respectively. The phase of
Assuming that Sa1is given by
CysZ, -
F(Ga) = 9(Cyo) = — 20011 + GiZoo) (B4)  phase(Sy) =7 —tan™
1+ (gm + Ga)Zo1 + GaZoz oo Coi O G
w<c 1Z()1 + gs2\7d2 Z02 + gslirdl d2Z z )
the differentials are given by 7 'm2 gm2 o102
Gledg C le sZGd2
Of(Ga) —wCys Z3) (1 = gmZo2) ®5) 1+ Ina Zo2 — w294992____201202
- ma m
Gy {14 (gm + Ga)Zo1 + GiZo2}? (C4)
—29m (Zo1 Zg2)/*
So1 9m(Zo1Z02) (A2)

T {1+ GaZos — w?CysCas Zor Zoz} + j0{(CysZor + CasZo2) + GaCysZor Zoa )
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jwcgsl
gml(ng + Gd2)
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0
Gd2{Gdl + jw(cdsl + OgsZ)}

it

gm2 + Gaz) + {Ga1 + jw(Cys1 + Cye2)}

(gm2 + Ga2) + {Ga1 + jw(Cas1 + Cye2

. [Z;] (C1)

§
¢

Sy = _2gml(Z01Z02)1/2 (C3)
Gaz Gaz G I
. d2
{1 +Ga——Zp2 — w20g310g32—~Z01Z02} + Jw{Cgs1Z01 + Cysa——Zo2 + Cys1G a1 —'d—QZmZ()z}
m2 Im?2 m2
Assuming that Thus
J(Ga1)=9(Cys1) =h(Ga2) =i(Cys2) Ophase(S21) >0 Ophase(S21) <0
~ Gaz Ga2 G , 9Cys1 7
we | Cgs1201 + Cgsa—Znz | + Cye1Ga1 —Zo1 Zpa Opnase(Sa1) a g
_ gm2 Im?2 phase\©P21 0 phase( 21)
= ey e 3G <0, 30, <0. (C7)
2 8
1+ Gar——Zop2 — wQCgﬂCgsz—ﬂZ(an !
m2 9m2
C5
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