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Abstract: In order to reduce the mismatch error, a direct current
(DC) calibration method is introduced when the modulated
microwave signal is measured. The microwave power is input to
the left section of the power sensor, and the DC power is input to
the right of the power sensor. Due to the existence of parasitic
loss and electromagnetic coupling, the microwave power results
in a mismatch error. However, the DC power does not have the
mismatch error. So the DC power applied in the right section can
calibrate the mismatch error of the microwave power in the left
section. The calibration factor is measured at different
modulation rates and modulation depths. The measurement results
show that the carrier frequency is the major factor influencing the
measurement results. After calibration, the carrier frequency and
the modulation rate have little effect on the output voltage. The
frequency response becomes relatively flat in the frequency range
up to 20 GHz, and the sensitivity on average is enhanced by
about 0. 12 mV/dBm. Therefore, the DC calibration method has
a certain reference value for the terminal-type microwave power
Sensor.
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he microwave power is one of the most important pa-
Trameters in microwave power equipment and systems.
The thermocouple-based power sensor is one of the most
widely used tools for microwave power measurement'”. By
far, various structures of microwave power sensors based on
thermocouple are introduced™™, which are subject to sever-
al sources of error. In order to eliminate the errors caused
by the thermal losses and to simplify the fabrication process,
a novel symmetrical microwave power sensor based on the
MEMS technology was reported in Ref. [5]. It is measured
in a frequency range up to 20 GHz with an input power in a
range from O to 80 mW. Over the 80 mW dynamic range,
the sensitivity can achieve about 0. 2 mV/mW. The relative
deviation of the input power in the two sections is below
0. 1% for an equal output voltage. The key aspect of this
power sensor is that the microwave power measurement is
conveniently replaced with the DC power measurement. The
structure of the power sensor is shown in Fig. 1(a), and the
SEM photo of the power sensor is shown in Fig. 1(b). In
the power sensor, the right section has the same CPW, load
resistor and thermopile as the left section. It eliminates the
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errors caused by thermal losses since the two sections have
equal thermal losses. In order to further study the symmetri-
cal microwave power sensor, the amplitude modulation
(AM) of an information-bearing microwave signal is meas-
ured using the power sensor. There are three basic types of
modulations. They are the AM, the frequency modulation
(FM) and the phase modulation(PM). The microwave pow-
er measurement is independent of frequencies and phases.
Therefore, the FM measurement and the PM measurement
are ignored. In addition, the AM is widely used'*” and is
being constantly-depth studied™"” now. So, the AM meas-
urement is mainly studied in this paper.
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Fig.1 Symmetrical power sensor. (a) Structure of the power
sensor; (b) SEM photo of the power sensor

1 Principle

The principle of the power sensor is based on the differen-
tial principle as shown in Fig. 1. The right section of the
power sensor has the same CPW, the load resistor and the
thermopile as the left section. Since the two sections have
equal thermal losses, the error caused by thermal losses can
be eliminated. Due to its symmetrical structure, this power
sensor provides more accurate microwave power measure-
ment capability without mismatch uncertainty, and it re-
strains temperature drift. For the AM, the carrier signal is
defined as

V.=V_cosw.t (1)

The modulation signal is defined as
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Vi, =V,,cos(d (2)

The waveform for the modulated signal after the AM is
shown in Fig. 2(a). The modulated signal can be expressed
as

vaul(t) =V (Hcosw t=V_ (1 +M,cos{k)cosw.t (3)
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where M, is the modulation depth. The frequency spectral
distribution after the AM is shown in Fig.2(b). The fre-
quency spectral distribution can be expressed as
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Fig. 2 Amplitude modulation. (a) Waveform of the modulated
signal; (b)Frequency spectral distribution

The total power absorbed by the load after the AM can be
expressed as

V2 (1 + M, cos)’
b= 2R

(6)

L

The average power in one cycle can be expressed as

2
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2 2
where P, = ﬁ is the carrier power, and Pg, = 7“P0 is the
L

double-sideband power. Therefore, the double-sideband
power changes with the modulation depth M, which chan-
ges the total power. Thus, the modulation depth can influ-
ence the output voltage. So the AM measurement of the
symmetrical power sensor is studied.

2 Simulation

Compared with the right section of the power sensor as
shown in Fig. 1(a), the left section has losses caused by the
microwave signal. Therefore, the AM measurement error
needs to be analyzed. The AM measurement diagram of the
left section is shown in Fig. 3.
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Fig. 3 Measurement diagram

There is the coaxial cable with the characteristic imped-
ance z, between the signal source and the power sensor.
When the coaxial cable matches the signal source and the
power sensor, the power received by the power sensor
equals the output power p of the signal source. In order to
perfectly match, the input impendence of the power sensor
is required to agree with the characteristic impedance z, of
the coaxial cable. However, they usually do not agree with
each other. So, there exits a reflection coefficient I";, #0.
Thus, the power measured by the power sensor is the net
power p, absorbed by the load resistors, which is below the
output power p of the signal source. Especially, when the
coaxial cable does not match the signal source, it also pro-
duces loss between the signal source and the coaxial cable.
So, there also exits a reflection coefficient I'; #0. General-
ly, the above two errors are called the mismatch error’'',

According to theoretical analysis and practical experience,
the AM measurement error sources can be expressed as fol-
lows:

1) Mismatch error;

2) The thermal loss error such as heat conduction, con-
vection and radiation loss;

3) Temperature drift error;

4) Signal source error due to unsteadiness;

5) Operating error.

Errors 4) and 5) are usually ignored because they influence
measurement results little. Due to the differential principle
and the symmetrical structure, this symmetrical power sen-
sor eliminates the errors 2) and 3). Therefore, the mismatch
error 1)is the main AM measurement error for the symmetri-
cal power sensor which includes the losses of the cable and
the probe. The magnitude of the mismatch error is not only
determined by the magnitude of I'; and [I", but it is also
determined by their phases. Due to the fact that it is very
difficult to measure the phase relationship, the mismatch er-
ror belongs to the uncertain error.

The microwave signal reflected between the signal source
and the power sensor is shown in Fig. 4. ['; and I'; are the
reflection coefficients of the signal source and the power
sensor, respectively. For the mismatch case, the microwave
signal produces multiple reflections between the signal
source and the power sensor, and the amplitude and the di-
rection of the first few reflections are shown in Fig. 4.
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Fig. 4 Microwave signal reflection
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The total amplitude for the incident wave can be ex-
pressed as

) b
A=b,+b I\ T;+b, I} I'y+... =ﬁ (8)
The total amplitude for the reflected wave can be ex-
pressed as
b I,

B=b I\ +b,Iy I'c+b,I\ I'c+ ST (9)

where \bg |* represents the output power p, of the signal
source for the matching. According to Egs. (8)and(9), for

the mismatching, the incident power and the reflected power
can be respectively expressed as

2 PO
P =A== (10)
‘1 _FLFG‘
P\ |*
P, =|B| ;=P | (11)
-1, T,|

At this point, the power measured by the power sensor
can be expressed as

P 2
M-I, T,|

=P, -P =|Al’-|B|’= (12)

L

In addition, the relationship between p, and p, can be ex-
pressed as

Py =Pg(1 - [I[") (13)

According to Eq. (13), Eq. (12)can also be expressed as

(1-|rsPHa-r.

P =P 14
TN e
Therefore, the mismatch error § can be deduced as
P, -P 1-|r,Hha-|r.
s PP (-ILePa-Inf o

PG - ‘I_FLFG‘Z

Ignoring the second order small quantities for Eq. (15),
the limit range of the mismatch error can be deduced as

§==x2[Ig| 1] (16)

Suppose that | I";|=0.25, [ |=0.2, and §= +2 x
0.25 x0.2 = £10% . This shows that the AM measurement
error caused by the mismatch cannot be ignored.

3 Measurement

The AM measurement'™ *! is accomplished with an Agi-

lent E8257D signal generator, a cascade Microtech 1200
probe station, a DC voltage source and two digital voltme-
ters.

There are four factors which influence the AM measure-
ment. They are the carrier frequency, the carrier amplitude,
the AM rate and the AM depth, respectively. For ideal con-
ditions, the AM measurement is independent of the carrier
frequency and the AM rate, and it is dependent on the carri-

er amplitude and the AM depth. However, according to
Eqgs. (8) to (16) and to simulation results, the carrier fre-
quency and the AM rate can influence the AM measurement
results due to the mismatch error. Therefore, in order to
achieve accurate AM measurement, the AM measurement
errors must be calibrated. In this paper, the DC calibration
method for the microwave power AM measurement is intro-
duced to compensate for the mismatch error.

By comparing with the DC power at 10 dBm for an equal
output voltage, the calibration factor for the entire carrier
frequency is measured with the AM depth set to 0. 5 and the
AM rate respectively set to 1, 10, 100 kHz. The measure-
ment result is shown in Fig. 5(a). As shown in Fig. 5(a),
the calibration factor increases greatly with the carrier fre-
quency, and increases little with the increase in the AM
rate. In order to study the calibration factor varying with the
AM depth, the calibration factor is measured with the AM
rate set to 10 kHz and the AM depth respectively set to 0. 2,
0.5 and 0.8. The measurement result is shown in Fig. 5
(b). As shown in Fig. 5(b), the calibration factor increases
rapidly with the increase in the carrier frequency, and in-
creases slowly with the increase in the AM depth. There-
fore, it is obvious that the carrier frequency is the main fac-
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Fig. 5 Calibration factor varying with AM depth and rate.
(a) Varying with the AM rate; (b) Varying with the AM depth

The microwave signals are applied in a left section with
the carrier frequency range from 1 to 20 GHz with the AM
depth respectively set at 0.2, 0.5 and 0. 8. The carrier am-
plitude and the AM rate are respectively fixed at 10 dBm
and 10 kHz. The output voltages before calibration are re-
corded as shown in Fig. 6. Due to the mismatch error, the
output voltage decreases with the decrease in the carrier fre-
quency. According to the calibration factor with the AM
rate set at 10 kHz in Fig. 5, the results after calibrations 0. 2
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(a), 0.5(a)and 0. 8(a) are shown in Fig. 6. The frequency
response after calibration becomes relatively flat in the fre-
quency range up to 20 GHz, and the sensitivity is enhanced
on average by about 0. 12 mV/dBm at 1 GHz with the AM
depth respectively set at 0.2, 0.5 and 0. 8. The higher the
carrier frequency is, the more the sensitivity is enhanced.
And the sensitivity enhances averagely about 1.3 mV/dBm
at 20 GHz. The reason is that the loss power increases with
the increase of the carrier frequency. Therefore, the sensi-
tivity is enhanced after calibration.
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Fig. 6 Output voltage measured vs. carrier frequency charac-

teristics with different AM depths

In order to further study the output voltage varying with
the increase in the AM depth, the carrier frequency and the
AM rate are considered respectively as shown in Fig. 7 and
Fig. 8. The output voltage increases with the increase in the
AM depth, which is to be expected. As analyzed previously,
the mismatch error caused by the carrier frequency is larger

than that caused
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Fig. 7 Output voltage measured vs. AM depth characteristic
with different carrier frequencies
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Fig. 8 Output voltage measured vs. AM depth characteristic
with different AM rates

by the AM rate, and the output voltage has little correlation
with the carrier frequency and the AM rate after calibration.
At the same time, the sensitivity is greatly improved.
Therefore, the DC calibration method can be regarded as a
reference for calibrating the terminal-type power sensor.

4 Conclusion

The AM measurement of the symmetrical microwave
power sensor is presented. Due to the symmetrical struc-
ture, the power sensor restrains temperature drift. The mis-
match error is analyzed and the DC calibration method is in-
troduced to compensate the mismatch error. So the power
sensor is created to provide more accurate AM measurement
capability. The frequency response after calibration becomes
relatively flat in the frequency range up to 20 GHz, and the
sensitivity is enhanced on average by about 0. 12 mV/dBm.
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