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Abstract Digital beam array navigation signal simulator is a kind of important
equipment to develop, test and verify multi-element anti-jamming satellite navi-
gation terminal with cables. According to the working principle of anti-jamming
satellite navigation terminal, the carrier phase consistency is a key indicator to
signal simulator. Thus, measurement and correction of carrier phase consistency is
an important part in the design of digital beam array signal simulator. In this paper,
for this problem, an innovative technical solution is proposed for high-precision
calibration based on carrier interferometer. This solution uses two array elements
to measure delay mutually, based on the signal phase of one, directly detecting the
phase of another. After analysis of theory and validation of experiment, the
solution can achieve high measurement accuracy that is less than 0.1� of the
relative phase among the array elements, and the price is small.

Keywords GNSS � Digital beam array navigation signal simulator � Carrier phase
consistency � High precision � Measurement and calibration

42.1 Introduction

Digital beam array navigation signal simulator is a kind of important equipment to
develop, test and verify multi-element anti-jamming satellite navigation terminal
with cables, and is also guarantee and support to improve the anti-jamming
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capability of weapons and equipment. In order to ensure the precision of the phase
consistency, we need to take measurement adjusting and periodic calibration.
Therefore, measurement and correction of zero value [1–3] of carrier phase is an
important part in the design of digital beam array signal simulator. The zero value
is a relative value between each array element, not absolute value that is from
baseband to the antenna, and generally requires less than one degree. The tradi-
tional method [4–6] of measurement measures the absolute delay of phase by
tracking loop, and this requires the closed-loop measurement system as a refer-
ence. Using the closed-loop measurement system will make error larger, and
requires high synchronized performance of the closed-loop measurement. The
conventional closed-loop measurement cannot achieve high measurement accu-
racy. In response to this problem, an innovative technical solution is proposed for
high-precision calibration based carrier interferometry in the design of digital
beam array signal simulator. The solution uses two array elements to measure
delay mutually, based on signal phase of one, directly detecting the phase of
another, and can achieve high measurement accuracy that is less than 0.1� with
small price.

42.2 Principles of Measurement and Calibration

The schematic diagram of high-precision measurement and calibration based on
the carrier interferometry measurement is shown in Fig. 42.1. The emitting unit of
simulator has a total of k ports, and the signal waveform that is output by DAC at
each emitting port is: xk tð Þ ¼ sin -� -LOð Þt þ ukð Þ: The phase delay caused by
down-conversion and filtering system is: /k � uk: The signal waveform that
reaches antenna aperture is: A1 sin -t þ /1ð Þ:

The synthesized signal is y tð Þ ¼
PK

k¼1
Ak sin -t þ /kð Þ; formed by the signal of

k ports. Since each signal has completely the same frequency, the k and j channel
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Fig. 42.1 Schematic of high-precision measurement and calibration
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signal, only has the phase difference, that is /k � /j; and amplitude difference, so
each signal is actually fully coherent signal. We can take full advantage of this
coherence to achieve the detection of the phase difference, that is /k � /j:

The following example illustrates the high-precision measurement principle of
phase difference, /k � /j; using two channel signals.

42.2.1 Principle of Coherent Measurement of Carrier
Phase Consistency

Firstly we study phase measurement principle of two coherent signals. Without
loss of generality, suppose the waveform of first channel signal that arrives at the
antenna aperture planes as a reference waveform, the waveform is:

x1ðtÞ ¼ A1 sin -t þ /1ð Þ ð42:1Þ

The waveform of k channel:

xkðtÞ ¼ Ak sin -t þ /kð Þ ð42:2Þ

The synthesized signal of 1 and k channel is:

yðtÞ ¼ A1 sin -t þ /1ð Þ þ Ak sin -t þ /kð Þ

¼ A1 sin -t þ /1ð Þ þ Ak

A1
sin -t þ /kð Þ

� �

:
ð42:3Þ

After trigonometric transform:

y tð Þ ¼A1

�

sin -tð Þ cos /1ð Þ þ cos -tð Þ sin /1ð Þ

þAk

A1
sin -tð Þ cos /kð Þ þ cos -tð Þ sin /kð Þ½ �

� ð42:4Þ

yðtÞ ¼A1 sin -tð Þ cos /1ð Þ þ
Ak

A1
cos /kð Þ

� ��

þ cos -tð Þ sin /1ð Þ þ
Ak

A1
sin /kð Þ

� �� ð42:5Þ

yðtÞ ¼ A1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cos /1ð Þ þ
Ak

A1
cos /kð Þ

� �2

þ sin /1ð Þ þ
Ak

A1
sin /kð Þ

� �2
s

sin -t þ d/kð Þ

ð42:6Þ

Merge the Eq. (42.6), we get:
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yðtÞ ¼ A1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2
Ak

A1
cos /1 � /kð Þ þ Ak

A1

� �2
s

sin -t þ d/kð Þ ð42:7Þ

It can be seen that the synthesized waveform relative to the first channel signal
x1ðtÞ ¼ A1 sin -t þ /1ð Þ; the amplitude enhancement factor is:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pk /1 � /kð Þ

p
¼

A1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2 Ak
A1

cos /1 � /kð Þ þ Ak
A1

	 
2
r

A1

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2
Ak

A1
cos /1 � /kð Þ þ Ak

A1

� �2
s ð42:8Þ

That is:

Pk /1 � /kð Þ ¼ 1þ 2
Ak

A1
cos /1 � /kð Þ þ Ak

A1

� �2

ð42:9Þ

Therefore, the power enhancement factor of the synthesized signal waveform is
a function of the phase error /1 � /k: We can get /1 � /k by Pk /1 � /kð Þ: Since
Ak
A1

can be accurately measured and only cos /1 � /kð Þ is unknown in the Eq. (42.9),

so /1 � /k can be calculated as Eq. (42.10).

cos /1 � /kð Þ ¼
Pk /1 � /kð Þ � 1� Ak

A1

	 
2

2 Ak
A1

ð42:10Þ

Define the right side of Eq. (42.10) as a concept dk:

dk,

Pk /1 � /kð Þ � 1� Ak
A1

	 
2

2 Ak
A1

: ð42:11Þ

We can get the measurement equation:

cos /1 � /kð Þ ¼ dk ð42:12Þ

Based on Pk /1 � /kð Þ; dk can be calculated; thereby /1 � /k can be
calculated.

There is only one observed quantity in this measurement principle, so the
measurement accuracy cannot meet the demand. In order to improve the mea-
surement accuracy, we should better use more observed quantities.

In order to obtain more observations, the best method is to change the phase of
reference signal of the first channel manually, forming M corrections of obser-
vations /1 mð Þ;m 2 1;M½ � Suppose the M scanning phases generated manually of
the first channel can scan 2p phase angles.
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/1 mð Þ ¼ 2p
M

m; m ¼ 1; 2; 3; . . .;M ð42:13Þ

For each correction value /1 mð Þ;m 2 1;M½ �; after observing for a few times,
we can get one observed value that is dk mð Þ: And we also will get a measurement
sequence as shown in Eq. (42.14):

cos /1 mð Þ þ /1 � /kð Þ ¼ dk mð Þ ð42:14Þ

Reference [7] describes the sine phase detection method: obtain tan /1 � /kð Þ
through the orthogonal measurement method, and then through tan /1 � /kð Þ we
can obtain /1 � /k: Thus, here directly give tan /1 � /kð Þ according to dk mð Þ:

tan /1 � /kð Þ ¼

PM

m¼1
dk mð Þ sin /1 mð Þð Þ

PM

m¼1
dk mð Þ cos /1 mð Þð Þ

ð42:15Þ

If /1 mð Þ ¼ 2p
M m; m ¼ 1; 2; 3; . . .;M; we get:

XM

m¼1

sin /1 mð Þð Þ ¼ 0 ð42:16Þ

XM

m¼1

cos /1 mð Þð Þ ¼ 0 ð42:17Þ

Take Eqs. (42.16) and (42.17) into the expression tan /1 � /kð Þ; and remove

�1� Ak
A1

	 
2
; we can obtain:

tan /1 � /kð Þ ¼

PM

m¼1
Pk /1 � /k;mð Þ sin /1 mð Þð Þ

PM

m¼1
Pk /1 � /k;mð Þ cos /1 mð Þð Þ

ð42:18Þ

This /1 mð Þ ¼ 2p
M m; m ¼ 1; 2; 3; . . .;Mexperimental phase scanning process is

necessary, not only to improve the precision of the phase measurement, and
eliminate various amplitude error. In fact, sin /1 mð Þð Þ; cos /1 mð Þð Þ; is a narrow-
band filter, and can eliminate most of the DC noise, like Pk /1 � /k;mð Þ:

42.2.2 Procedure of Measurement

According to the above principle, the method of calibration process is described as
follows:

42 Research on High-precision Measurement and Calibration Technology 463



Step 1: Measuring the reference signal power, P1, of the first channel.

Fix the first channel signal, as a reference signal, and calculate its power by
self-measurement loop.

Step 2: Measure the relative power Pk /1 � /k;mð Þ of the total M experimental
synthetic signal of the k channel.

Holding the first channel signal power, open the k channel, close the other
signals except the first and k channel signal.

For the k channel signal, change the phase of the baseband carrier signal of the
first channel signal, /1 mð Þ ¼ 2p

M m; m ¼ 1; 2; 3; . . .;M; in which M = 16. Each
channel signal holds 50 ms to calculate the signal power for self-measurement
loop. Within a cycle of 50 ms, calculate enhancement factor, Pk /1 � /k;mð Þ; that
is the power of the synthesized signal by measurement loop respect to the power of
the first channel signal.

Step 3: calculate the relative phase difference /1 � /k:

According to Pk /1 � /k;mð Þ; calculate tan /1 � /kð Þ by Eq. (42.18), then look
up the tan table, and /1 � /k can be obtained.

42.2.3 Analysis of Measurement Accuracy

According to the Reference [7], we estimate the accuracy of the formula (42.18). If
the observation noise variance is rP; the measurement accuracy of the phase is:

r /1 � /kð Þ �
ffiffiffiffiffi
2
M

r

rP �
180
p

Degreeð Þ ð42:19Þ

If we take Ps ¼ �40dBmW; N0 ¼ �174dBmW, and B = 20 Hz, rP; can be
estimated as Eq. (42.20):

rP ¼
ffiffiffiffiffiffiffiffiffi
N0B

Ps

r

� 10�6 ð42:20Þ

r /1 � /kð Þ � 2:0� 10�5 Degreeð Þ ð42:21Þ

Thus, this phase detecting method can achieve high accuracy.

42.3 Tests and Analysis of Results

In order to verify the above theory, we take the experimental instruments as
follows to test:
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Signal Source: IFR2025
Power divider: Mini—ZAPD-2-21-3 W
Synthesizer: Mini—ZAPD-2-21-3 W
Spectrum analyzer: Agilent 8563E
Phase shifter: Spectrum LS-0170-1121

42.3.1 Test Results of Power Synthesis

Experimental connection relationship is shown in Fig. 42.2. The signal source
sends 1.5 GHz single carrier with low phase noise to the power divider, forming
completely same phase signals of two ways. The synthesized signal is then fed into
a spectrum analyzer to measure the power of the synthesized signal.

According to Fig. 42.2, firstly measure power of the synthesis signal of two
channels. Then remove one, and measure power of the remaining channel signal.
The experimental results measured are shown in Table 42.1.

From Table 42.1, we can get that the power of two completely same phase
coherent signal respect to without synthetic beam, will be enhanced 6 dB. Since
the power divider is a linear device, and the correctness of the synthesis formula
(42.3) is also verified.

42.3.2 Test Results of Amplitude Changing Caused
by Phase Changing

The connection relationship of verification test of amplitude variations caused by
phase changes is shown in Fig. 42.3.

Synthesizer
Mini-ZB4PD1
800M-2000M

Power divider
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800M-2000M
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analyzer

Agilent 8563 E

2
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sin( )k k
k
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=

+∑1 1sin( )A tϖ ϕ+

2 2sin( )A tϖ ϕ+

Fig. 42.2 Test schematic of power synthesis of two channels

Table 42.1 Test results of power synthesis of two channels

Synthesis
of two channels (dB)

Synthesis
of one channels (dB)

Relative power of synthesized signal 0 -6.33
Theoretical value 0 -6
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1. Test after connecting one SMA

Spectrum phase shifter moves only 7�. Therefore, connect an SMA connector in
front of the synthesizer to increase the signal delay, and compensate insufficient of
the Spectrum phase shifter. The phase shifts 45�. After connecting, change the
phase shifter of Spectrum phase shifter, we can get the relationship between the
relative power change of synthesized waveform and number of turns of Spectrum
phase shifter that is shown in Fig. 42.4.

As shown in Fig. 42.4, the Spectrum’s phase shifter changes one lap (0.85�),
the amplitude substantially changes 0.13 dB. At this time, the phase difference is
relatively small, at the peak of the cosine wave, and is not very sensitive to the
change in phase. DSP can sense 0.13 dB amplitude variations. It proves that we
can detect the phase difference changes by detecting the power change of syn-
thesized signal.

2. Test after connecting two SMA

Spectrum phase shifter moves only 7�. Therefore, connect two SMA connectors
in front of the synthesizer to increase the signal delay, and compensate insufficient
of the Spectrum phase shifter. The phase shifts 90�. After connecting, change the
phase shifter of Spectrum phase shifter, we can get the relationship between the
relative power change of synthesized waveform and number of turns of Spectrum
phase shifter that is shown in Fig. 42.5.
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Fig. 42.3 Test schematic of amplitude changing caused by phase changing
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As shown in Fig. 42.5, the Spectrum’s phase shifter changes one lap (0.85�),
the amplitude substantially changes 0.67 dB. At this time, the phase difference is
large, at the middle of the cosine wave, and is sensitive to the change in phase.
DSP can sense 0.67 dB amplitude variations. It proves that we can detect the phase
difference changes by detecting the power change of synthesized signal.

3. Test after connecting three SMA

Spectrum phase shifter moves only 7�. Therefore, connect three SMA con-
nectors in front of the synthesizer to increase the signal delay, and compensate
insufficient of the Spectrum phase shifter. The phase shifts 135�. After connecting,
change the phase shifter of Spectrum phase shifter, we can get the relationship
between the relative power change of synthesized waveform and number of turns
of Spectrum phase shifter that is shown in Fig. 42.6.
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As shown in Fig. 42.6, the Spectrum’s phase shifter changes one lap (0.85�),
the amplitude substantially changes 4–2 dB. At this time, the phase difference is
relatively large, at the down of the cosine wave, and is very sensitive to the change
in phase. DSP can sense 2–4 dB amplitude variations. It proves that we can detect
the phase difference changes by detecting the power change of synthesized signal.

42.3.3 Conclusions

In this paper, an innovative solution of high-precision measurement calibration is
presented based on carrier interferometry to measure and correct carrier phase
consistency in the design of digital beam array signal simulator. This solution can
measure the relative phase difference of each synthesis signal precisely and in real
time, and is irrespective of other zero-value error interferences. After test and
analysis, the algorithm has high measurement accuracy that is less than 0.1� of
phase difference and good anti-jamming performance, which demands less to the
amplitude of the reference signal, and reduces the requirements to self-correction
circuit. It is a kind of good measurement correction method of carrier phase
consistency.
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