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Abstract: The microwave dynamic load line characteristics of an advanced InGaP HBT are investigated experimen-
tally and analyzed at small signal level and at large signal level for microwave power amplification. Investigation results
show that the dynamic load curves are not always like an elliptic curve, and the current extreme points do not locate
at voltage extreme points. The dynamic load curve current extreme point lines sit at the small signal load line up to
the P_345 point, and the lines show a constant slope from a small signal up to the saturation power point. A method to
calculate the realistically delivered power to load is presented which fits the test result well.
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1. Introduction

Indium gallium phosphide heterojunction bipolar transis-
tors (InGaP HBTs) are advanced microwave power devices of
power amplifiers in modern communication systems and radar
systems!! =31 At small signal level InGaP HBTSs exhibit excel-
lent linear characteristics for microwave signal amplification,
but the performance becomes degraded at large signal level.
Effective large signal level analysis is very complicated and
difficult~¢]. So accurate measurement and observation of the
large signal characteristics are primarily important for charac-
terizing InGaP HBT power performance and will be of benefit
to microwave amplifiersl” 8.

Traditionally, a load line is often used to set operation clas-
sification based on an ideal line. However the load curve in a
realistic scenario, especially at a large signal level, degrades,
as this paper observes. In this paper, the microwave dynamic
load line characteristics of an advanced InGaP HBT transistor
cell are investigated experimentally and analyzed at the small
signal level, at the P_ 4 point, at the P_34p point, and at the
saturation output power point as described in sections 2 and 3.
Then a convenient method to calculate the delivered power to
load based on the current extreme point lines of the dynamic
load curves is presented, whose result agrees well with the mea-
sured data.

2. Dynamic load line characteristics

The transistor investigated here is an InGaP/GaAs npn type
heterojunction bipolar transistor cell with an area of 1 x 1073
mm?. The transistor collector—emitter breakdown voltage is
about 12 V. The transistor DC current gain is about 100, the
transistor maximum oscillation frequency is around 110 GHz,
and the cutoff frequency is about 40 GHz.

The transistor is measured on wafer by using a pair of Pi-
coProbe ground-signal-ground (GSG) probes and Cascade test
station in an AgilentN5242 nonlinear vector network analyzer
system for maximum power output!®- 1% Starting from a small
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signal power of —9.72 dBm through to saturated maximum
power output the transistor dynamic load lines are measured
and analyzed at the small signal level, at the P_;45 point, at
the P_34p point, and through to the saturation output power
point at a frequency of 5.8 GHz as described in the following
subsections.

2.1. At the small signal level

With injecting a small signal of —9.72 dBm at a frequency
of 5.8 GHz, the transistor dynamic load line is measured as
Figure 1 shows. It can be seen that the load line is a standard
elliptical curve at the small signal level. The current extreme
points of the load curve sit exactly at the major axis of the el-
liptical curve. The maximum current point is at the minimum
voltage point and the minimum current point is at the maxi-
mum voltage point. The slope of the elliptical curve major axis
is the inverse of the load resistance, and the minor axis is re-
lated to the reactance of the load impedance!’ ], which will be
discussed in section 3 of this paper.

2.2. At the P_y4p point

On increasing the injection power level from a small sig-
nal, the output power increases linearly but then the power gain
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Fig. 1. Dynamic load line measured at the small signal level.

* Project supported by the National Natural Science Foundation of China (No. 2010CB327500).

1 Corresponding author. Email: zhaolixin@ime.ac.cn

Received 27 August 2009, revised manuscript received 23 November 2009

(© 2010 Chinese Institute of Electronics

044004-1



J. Semicond. 2010, 31(4)

Zhao Lixin et al.

90

60 -

Output current (mA)
<
T

2.5 -1.5 -0.5 0.5 1.5 25
Output voltage (V)

Fig. 2. Dynamic load line measured at the P_4pg point.

will be compressed. At the P_ 45 point the dynamic load line
is a long drawn elliptic curve as Figure 2 shows. For compari-
son, the small signal load curve is shown also inside the larger
curve. At the P_4p point, the load curve’s minimum current
point is at the point of —73.088 mA, 2.377 V but not at the max-
imum voltage point; the maximum current point is at the point
of 64.541 mA, —1.944 V but not at the minimum voltage point.
As Figure 2 shows, the current extreme point line marked as
the dashed line sits on the small signal load line but the voltage
extreme point line which is not marked in the figure is not on
the small signal load line. This means that the current extreme
point line still sits at the small signal load line although the load
curve is a nonideal elliptic curve at the P_;4g point.

2.3. At the P_34p point

With continuous increase of the injection power from the
P_ 45 point, the output power increases accordingly but the
power gain is compressed in further. At the P_345 point, the
dynamic load curve is clipped and degraded as Figure 3 shows.
The small signal load curve is also shown in the figure for com-
parison. The load curve clipping is due to the current limitation
of the transistor. The maximum current point is at the point
of 67.968 mA, —2.406 V which is not at the minimum voltage
point; the minimum current point is at the point of —86.312 mA,
3.015 V which is not at the maximum voltage point. It should
be noted that the current extreme point line which is marked
as the dashed line in the figure is still on the small signal load
line, but the voltage extreme point line which is not marked
in the figure is not on the small signal load line. So, the direc-
tion of the current extreme point line does not change from the
small signal level up to the P_3qg point with increasing injec-
tion power.

2.4. At the saturation output power point

With continuous increase of the injection power, the out-
put power will be saturated soon after, and the dynamic load
curve is degraded seriously and does not resemble an elliptic
curve at all as Figure 4 shows. The small signal load line is
also shown for comparison. It can be seen that the maximum
current point is at the point of 64.772 mA, -3.056 V, not at the
minimum voltage point; the minimum current point is at the
point of —102.021 mA, 2.621 V, not at the maximum voltage
point. The current extreme point connection line is no longer
on the small signal level load line, but it is still in parallel with
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Fig. 3. Dynamic load line measured at the P_34p point.
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Fig. 4. Dynamic load curve measured at the saturation power point.

the small signal load line. The voltage extreme point line is not
in parallel with the small signal load line. This means that the
current extreme point line direction does not change and the
load resistance does not change from a small signal up to the
saturation output power level.

3. Discussion
3.1. Load curve and output power

The transistor collector current can be expressed as Eq. (1)
using a Fourier series[!]:

o0
ic(t) = Inc + Iacm Zan cos(nwt), (1)

n=1

where Ipc is the collector DC current, Iocy is the maximum
current value of the collector current waveform, a, are the
Fourier coefficients of the collector current waveform, w is the
frequency, and ¢ is the time.

The voltage can be expressed as Eq. (2)[11:

o0
ve(t) = Vbe — Z IacMan cos(nwt) Ry

n=1

o0
+ Z Incman sin(nwt) Xy, (2)

n=1

where vc is the AC voltage, Vpc is the DC voltage, Ry is the
load resistance, and X is the load reactance.
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The last item in Eq. (2) causes the minor axes of the load
curves in Fig. 1-4, and it will increase with increasing power.
This means there will be more time during which the transis-
tor operates at a higher current and higher voltage region in a
whole period of time than that there is no Xp. The last item in
Eq. (2) causes also offsets of the voltage extreme points from
the current extreme points at the large signal level.

The power delivered to load is the real power. From
Egs. (1) and (2), the output power can be expressed approx-
imately as Eq. (3):

1
Pout = EIKCMa%Re(ZL). 3)

For class-A amplification, a; is about 1/2. The output
power can be expressed as Eq. (4):

1
Py = g KCMRL~ (4)
From Fig. 1-4, it can be seen that the load curve current
extreme point line value, /.; equals about two times the am-
plitude of the load AC signal, /.. The output power can be
expressed as Eq. (5).

1, 15

Py = ElcmRL = glexiRL' (5)
From the figures it also can be seen that the load curve
current extreme point line value, I expresses approximately
the maximum collector current value Iacy at the small signal
level, at the P_4p point, at the P_3qp point and at the satura-
tion power point respectively. So from both Eqgs. (4) and (5),
the actually delivered power to load at the small signal level
and at the large signal level can be calculated as Eq. (6) if we

have the actual value of I.y;.

=—I2.Ry. (6)

Following Eq. (6), the delivered power to load can be cal-
culated at the small signal and large signal levels. Here, Ry is
about 33.67 2 for this device. The calculated delivered power
is about 18.8 dBm at the P_ 4 point, 20.2 dBm at the P_34p5
point, and 20.8 dB at the saturation output power level. Figure
5 shows the measured powers and the calculated ones. It can
be seen that two curves fit well.

3.2. Output power versus input power

As an approximation, the input power can be expressed
[11]
as

1
P = szc,f(rbb +wLg + Rp)VZ, @)

where ry, is the transistor base series resistance, Cj; is the base
emitter junction capacitance, Lg is the emitter series induc-
tance, Rg is the emitter series resistance, and V. is the base
emitter junction AC voltage.

The output AC current can be expressed as

Iaem = gacVoe, ®

where gac is the AC transconductance.

[\
wn

[\~
(=)
T

Power (dBm)
I
T

— Calculated

<

= Measured

5 L L L L L
-10 -5 0 5 10 15 20

Injected power (dBm)

Fig. 5. Delivered power to load of the InGaP HBT cell calculated and
measured.

The transistor output current ¢y is dependent on the volt-
age of the base emitter junction and transconductance. The out-
put power can be obtained as Eq. (9) by Egs. (4), (7) and (8) as

follows:
Pos = ~120 Ry = g2 V2R
out = 3 AcMIL = 8gACVbe L

1 gxcRL
= T332 Py,. (9)
4 w?C2(rop + wLg + Rg)

This is an approximate expression for the output power
versus input power. The output power is related to the input
power, the transconductance and transistor parameters. The
output power is not always proportional to the input power be-
cause the transconductance decreases at the large signal level.

4. Conclusion

In this paper, the microwave dynamic load line character-
istics of an advanced InGaP HBT are measured and investi-
gated at the small signal level and the large signal level. The
conclusions include the following: (1) the dynamic load curve
shapes are strongly dependent on the power levels. The load
curve is an elliptical curve just at the small signal level; after
that, the load curves are degraded and will not stay elliptical at
the P_ 4p point, at the P_3gg point and at the saturation power
point. (2) At the large signal level, the current extreme points
do not locate at voltage extreme points again. (3) The load re-
actance is a factor causing the load curve to be unlike a straight
line, and causing the positions to be offset between the current
extreme points and the voltage extreme points. (4) The current
extreme point line position does not shift with increasing power
from the small signal level up to the P_3qg point. The current
extreme point line slope does not change from the small signal
level through to the saturation output power point with increas-
ing power level. In contrast, the voltage extreme point line does
not obey this. (5) Based on this, an approximate method to cal-
culate the real delivered power to load at the large power level
is presented here, which agrees very well with the test data.
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