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Abstract. This paper proposed a real-time internal calibration method for receiv-
ing channels of radar systems using phased array antennas with real-time digital
beam-forming. In most calibration methods, the frequency of the calibration signal
(CalSig) is different from that of the echo signal, leading to some disadvantages
in the calibration procedure. This paper analyzed and proposed a novel solution
to solve those disadvantages. In the solution, we use the CalSig with the same
frequency as the echo signal. The CalSig is a binary phase-shift keying (BPSK)
signal and amplitude-modulated by an on-off keying (OOK) code sequence. The
proposed CalSig has peak power equivalent to noise power but its average power
is much lower than noise power by using OOK modulation with a small duty
cycle D such that it does not affect the echo signal significantly. Measurement of
receiving parameters is based on correlation properties of the signal. The perfor-
mance of the proposed method is analyzed using the statistical theory and verified
by Matlab simulation. Results show the effectiveness of the method with high
accuracy, satisfying the real-time requirement while affecting receiving quality
insignificantly. Phase and amplitude errors can be achieved values below 0.5° and
0.2 dB, respectively.

Keywords: Phased array antenna - Real-time calibration - Radar system -
Digital beam-forming

1 Introduction

Nowadays, phased array antennas are used widely in radar applications because they
have many advantages over the previous systems such as highly spatial selection abil-
ity, good interference suppression, high-speed beam scanning, SNR improvement [1].
Systems using the phased array antennas also have more demands about the number
of transceiver modules (TRM), directional error, real-time digital beam scanning, etc.
Therefore, monitoring amplitude and phase differences between channels is required
with higher accuracy. Because parameters of the channels vary continuously under the
impacts of aging, temperature and many other factors, real-time monitoring of channel
parameters is compulsory. Most of the conventional periodic calibration methods have
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become inappropriate as they do not meet the real-time specification [2—10]. Thus, areal-
time approach of calibration is demanded. Real-time calibration is necessary especially
for systems that require monitoring parameters with high accuracy during operation,
the process of parameter calibration does not interrupt the operation of the systems. In
[11-15], the structure and algorithm of the real-time internal calibration were described
clearly for 5G communications or SweepSar radars. In general, calibration procedures
presented in those papers are based on coupling to receiving channels a single-tone sig-
nal, its frequency is in-band of the receivers but different from echo signal frequency. The
echo signal and the CalSig after digitizing will be separated by digital filters, parameters
of receiving channels are determined by measuring parameters of the CalSig, the results
will be used to complement phase and amplitude differences between channels.

Nevertheless, calibration frequency must be near and far enough from operation
frequency. Being near enough to get the best results of calibration and far enough to avoid
interference for the echo signal. How near and far the calibration frequency depends on
the range of operational frequencies and bandwidth of the system. In [11], the calibration
structure was proposed for 5G systems with the frequency range of 27-29 GHz, the
difference between the calibration frequency and the operation frequency is 2 MHz.
The experiment showed good results with 0.9° phase error and 0.5 dB amplitude error.
However, for systems with the spectrum spread principle, signal bandwidth can be up
to several tens MHz [16], the errors might be much higher. Obviously, the method in
the paper provided experiment results with a simple structure of the signal, which is not
appropriate for systems with large signal bandwidth.

In [12-15], real-time calibration was applied on the SweepSar radar with the oper-
ating frequency range of 1215 MHz-1300 MHz. The gain-frequency characteristic of
its receiver module over temperature is shown in Fig. 1 [15].
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Fig. 1. Gain vs. frequency characteristic with different temperatures.

The above characteristic shows that the gain of the receiving channel is not flat over
the range of operational frequencies, the ripple is larger than 0.5 dB and varies with
different temperatures. This effect is typical because the specifications of electronic
components change over frequency and temperature. Thus, when the calibration fre-
quency is different from the operational frequency and the characteristics of receivers
are unknown, determining receiving channel parameters by measuring parameters of the
CalSig might lead to significant errors. Similarly, the phase-frequency characteristics are
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non-linear and also different from channel to channel, the phase differences can be up
to several degrees. These differences are unavoidable, we cannot reduce these errors by
measuring multiples times and averaging them. For systems with high accuracy require-
ments, these errors must be suppressed by characterizing all receiver modules in the
whole frequency and temperature range, then set up lookup tables to compensate errors
when calibrating in real-time. For systems with a large number of modules, this method
is very difficult to realize. We need to arrange sensors to acquire exactly desired tempera-
tures of the modules with the real-time requirement. These solutions demand expensive
effort to implement and increase system complexity when the number of modules is
large.

To cope with the disadvantages of internal calibration methods, in which frequencies
of the CalSig and echo signal are different as mentioned above, we propose a novel
calibration scheme with frequencies of the CalSig and echo signal are the same. In Sect. 2,
the structure of the CalSig is proposed. Section 3 analyzes measurement errors and the
impact of the CalSig on the quality of the system. Verification by Matlab simulation is
presented in Sect. 4 and the last one is the conclusion.

2 Structure of the CalSig

In this paper, we select an internal calibration method as presented in [11-15] and focus
on receiver calibration. The structure of a TRM according to this calibration method is
shown in Fig. 2, including paths of the signals in the receive-and-calibration mode. In
this mode, the signal generator will generate the CalSig (blue) to input the RF port of the
TRM, the SW1 switch directs the CalSig to the RS and CR connectors. Then the CalSig
will be fed to the input of a directional coupler. The CalSig will enter the entire receiving
channel together with the echo signal (red) from the antenna. The pink line indicates
the combined signal of the CalSig and the echo signal. The high-frequency signal in the
receiving channel is down-converted to an intermediate frequency (IF), digitized by an
analog-to-digital converter (ADC).
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Fig. 2. Structure of a TRM with the signal paths in receiving-and-calibration mode. (Color figure
online)

To overcome the disadvantages of the calibration method outlined in [11-15], we
propose a solution that the CalSig frequency and the echo signal frequency are equal. The
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CalSig is shifted by 180° in phase from pulse to pulse according to a random binary code
sequence C(n) = et = +1 (6 = 0° or 180°) such that the bandwidth of the CalSig
and the echo signal is equivalent. It means that the CalSig and the echo signal exist
simultaneously in the entire receiving channel including both analog and digital signal
processing parts. The IF signal after the ADC does not need digital filters to separate
the CalSig and the echo signal as in [11-15], it is demodulated down to baseband
(DDC) to produce a quadrature complex signal. This complex signal is a combination
signal (ComSig) consisting of three components: the CalSig, the echo signal and the
internal noise. In which the CalSig contains phase and amplitude information of the
receiving channel. When performing calibration, the ComSig is sampled in the time the
OOK modulation code equals “1” and stored in buffers along with the sequence C(n).
By correlating the ComSig sample sequence with the C(n) phase code sequence, we
obtain the amplitude and phase of the receiving channel. These parameters are used to
compensate for phase and amplitude errors between the receiving channels.

When two signals have the same frequency and bandwidth, the determination of the
channel parameters through measuring the CalSig will be more accurate. Nonetheless, it
leads to interference between two signals, affecting calibration performance and quality
of the echo signal processing. Following we will describe solutions to solve these two
problems.

The first problem is to ensure the quality of echo signal processing, the CalSig must
have a very low average power [17]. However, the ADCs have a limited number of bits
and internal noise in radar receivers occupies only several LSB bits, the small echo signal
even occupies only 1-2 LSB bits. If we reduce the peak power of the CalSig so that it
is much smaller than the noise level, the CalSig may be less than the value of the LSB
bit of ADC. Therefore, we choose the CalSig with the peak power equivalent to noise
power and amplitude-modulated according to an OOK code with a small duty cycle
D, in which the value “1” appears randomly. Then, the average power of the CalSig is
much lower than the noise power. The selection of the value of D and the significance
of CalSig generation will be analyzed in Sect. 3. The CalSig is illustrated in Fig. 3 with
D = 1/16.

The second problem is to ensure calibration performance. We have known that the
echo signal in the radar receiver appears randomly. When the echo signal is large, the
calibration quality will be impacted. To solve this problem, we use a threshold detector
for the ComSig in the receiver, when it exceeds an arbitrary threshold, the ComSig is
not sampled (although the CalSig is still present in the receiving channel). Threshold
selection will be analyzed in Sect. 3, it depends on the requirement of measurement
errors. Figure 4 illustrates different situations of the echo signal, if the echo signal is
much higher than the noise level, the CalSig is not sampled and stored.

From the above discussions, we can formulate the process of generating the CalSig,
measuring parameters and calibrating the receiving channels as shown in Fig. 5.

In Fig. 5, the CalSig is applied to the receiving channel, combined with the echo
signal, then passes to ADC and DDC. The ComSig is divided into 3 branches. The noise
power measuring unit and the ComSig power measuring unit are used to filter and reject
samples with large echo signals. Then, the ComSig is registered into buffers along with
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Fig. 3. The CalSig (red) and system noise (blue). (Color figure online)
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Fig. 4. The CalSig (red) is disable when the echo signal is larger than the threshold. (Color figure
online)

the C(n) sequence. When the required set of N samples is sufficient, the correlation pro-
cessing and receiving channel parameter estimation is performed. Phase and amplitude
parameters of all receiving channels are sent to the calibration unit to compensate for
channel errors. The theoretical basis for the selection of CalSig modulation parameters
is analyzed in detail in Sect. 3.
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Fig. 5. Measurement and calibration procedure for the receiving channels.

3 Analyzing Measurement Errors and the Impact of the CalSig
on the Quality of the System

3.1 Analyzing Measurement Errors

Three types of signals in the receiving channel are illustrated in Fig. 6. The n™ sample
of the ComSig is represented as follows:

Scomb(n) = Scai(n) + Secho(n) + N (n) 6]

where Scq(n) = Ael?C(n) is the CalSig, ¢ and A denote phase and amplitude of
the receiving channel, C(n) = =+ 1 is the BPSK modulation code sequence. N (n) =
Ni(n) + jNg(n) is the internal noise and Sgeno (1) = Sigcho (M) + jSoECho (1) is the echo
signal. Assume that SNEcho(n) is a combination of the echo signal and the internal noise:

SNEcho () = SEcho(n) + N (n) = SiNEcho (M) + JSoNEcho (1)

Scomb(n) = Sca(n) + SnEcho () ()
The C(n) sequence is known, multiplying two sides of (2) by C(n), we obtain:
SComp(MC (1) = Sy (1) = Scat (M) C (1) + Sygeho()C (1)
= Ae! + SiNgcho () C (1) + jSoNEcho () C (1) (3)
= Aej(p + (S;NEcho (I’l) +jS/QNEcho(n))

where C(n) is a binary stochastic sequence with zero expectation, therefore the
sequences Sy (1) = SivEcho(n)C(n) and SQNEch (M) = SonEcho(n)C(n) are also
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Fig. 6. Illustrate three types of signals in the receiving channel.

stochastic with zero expectation according to [18]. These two sequences have zero
expectation for any echo signals Sgcho(n). From (3), it can be realized that S’C —)]
contains phase and amplitude in/formation of tl/le receiving channel in A¢/? expression,
while the complex component Sy, (1) + jSQNEchO (n) is the factor causing measure-
ment errors. Define that aﬁVEChD and oéNEChD are variances of the sample sequences

/

SiNEeno () and SéNEcho(n), respectively. In general, measurement error is determined

by 3 times standard deviation, then S/Comb (n) is presented with measurement error as
follows:

Scomy () = A? + 30iNEho + J300NEho) 4)

We have known that the random error decreases when averaging over many obser-
vations [18], averaging over N observations, the standard deviation decreases by +/N.
Considering the mean of N samples S . (i),i =1+ N, we obtain:

SComb = A" £ (30iNEcho + j30oNEeho) /NN

4)
= (Acosp £ 3oingcho/V'N) + j(Asing £ 30gngcho/V'N)

According to (5), 30inEcho/ VN and 300oNEcho/ VN are two factors causing errors.

The amplitude and phase errors depend on the relationship between ¢ and two above

error components. In this work, without loss of generality, by supposing that ojngcre =

OQNEcho = ONEcho» W€ have:

Seomy = A€ £ 30NEeho (1 +j)/VN (6)

To facilitate transformation, we suppose that peak power of the CalSig (equivalent
to noise power) equals 1 A% ~ 201\2] = 1), then 2(71%,Ech 0(20]\2,Ech , > 1) indicates the ratio

of the receiving channel power to the CalSig power, transform (6) we acquire:
Scomy = €4 & 30nEeho(1 +))/VN = & £ (3v20Ngeho/VN)&™*
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Considering the following expression:

3\/§UNEcho i . 3ﬁGNEch0
DY ZONERO 5T — ) ok o ko

VN 4 VN

Thus, BT is the basis for evaluating the measurement errors of the phase and ampli-
tude of the receiving channel with two variables N and ongcpo. From (7), the amplitude
error is given by:

T .4
BT =S, ,/é¥ =1+ sin(—¢) (1)

amplitude_error = |BT|2 =(1+ ISGI%EChO/N + 6«/§0Ngchocos(7t/4 — (p)/\/ﬁ)

We only consider the case of the largest error, i.e. £cos(w/4 — ¢) = 1, then the
amplitude error in dB is given by:

amplitude_error_dB = 101g(1 + 18625, /N + 65/ 20NEcho/V'N) (8)

Mlustrating the Eq. (8) with the power levels of SNEcho, P(SNEcho) = 20]\2,E o =
1, 2,4, 8, the number of samples N = 5000 = 100,000 gives the results as shown in
Fig. 7.
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Fig. 7. Amplitude error vs. N with different values of P(SNEcho)-

Similarly, the phase error is:
phase_error = Ap = |Arg(BT))|
We only consider the case of the largest error, i.e. sin(7/4 — ¢) = 1, then:

.3 \/EUNEC}ZD

phase_error = Ap = |Arg(1 +j N )| )
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Fig. 8. Phase error vs. N with different values of P(SNEcho)-

Mlustrating the Eq. (9) with the power levels of SNEcho, P(SNEcho) = 201\2,Ech0 =
1, 2, 4, 8, the number of samples N = 5000 + 100,000 gives the results as shown in
Fig. 7.

Expressions (8), (9), and Fig. 7, Fig. 8 provide evaluation results of amplitude and
phase errors of the receiver channel with the proposed calibration method. It is clear that
the larger number of accumulated samples (N) and the smaller echo signal power is, the
higher accuracy is. Conversely, the larger echo signal power is, the larger the measure-
ment error is, therefore detecting a large echo signal power and removing the CalSig as
described in Sect. 2 will improve measurement accuracy. Depending on requirements
of accuracy and calibration time, the threshold value and the number of samples (N) are
selected appropriately.

3.2 Impact of the CalSig on the Quality of Receiving Channels

In two previous sections, we have analyzed the problem of measurement errors caused by
noise and echo signals when calibrating. In contrast, the CalSig also interferes with the
receiving channel, affecting the quality of the receiver. As described in Sect. 2, the CalSig
is a BPSK modulated signal, combined with the OOK modulation (Fig. 9a). It has been
known that in pulse radar engineering, the signal is typically processed averagely over
cycles of repetition. Figure 9b illustrates that the signals are averaged over some cycles.
Hence, putting the CalSig with the duty cycle D to the receiving channel is equivalent to
applying a continuous CalSig with an average power reduced by M = 1/D. In this case,
interference in the receiving channel includes the CalSig and internal noise. Calculation
of probability distribution function of signals gives results as shown in Fig. 10.

As we can see, the probability density function of interference has a normal distri-
bution with a standard deviation oyn. on decreases if M increases, when M = 4, 8, 16,
32, value of oy is 1,118, 1,061, 1,031, 1,016 and power of the interference increases by
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0.97, 0.51, 0.26, 0.13 (dB), respectively. It is clear that when M = 32, the interference
power increases negligibly (0.13 dB). To evaluate more comprehensively the impact of
the CalSig on the quality of the receiver, we calculate for an active radar system. In a
radar system, the most important parameter is the detection range. The relationship of
the maximum detection range Ry,x, sensitivity Ppin and noise power Py of the receiver
is described by the following expression:

Internal noise va The CalSig in one period
2 AP — 1708 P

—Internal noise

—The CalSig
[ ‘H H ]

0 200 600 1000 1200 1400 1600 1800 2000
Number of Sample
Internal noise va The CalSig over somme periods

0 200 400 600 800 1000 1200 1400 1600 1800 2000
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Normalized Amplitude Normalized Amplitude

Fig. 9. The CalSig in one period and over some periods.
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Fig. 10. Probability density function of interference with and without the CalSig.

A
Prmin = —— = PN - SNRuin (10)
Max
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where SNRpin determines the value of true detection probability and false alarm
probability. When the CalSig is applied to the receiving channel, expression (10) is
rewritten as:

A
Prmincal = — = Pncat - SNRyin 1D
MaxCal
From (10) and (11), we obtain:
4 4
Rytacat/ Rvtar = VPN /PNca = /M /(M + 1) (12)

The graph representing the ratio Ryaxcal/Rmax (%) vs. M is shown in Fig. 11.
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Fig. 11. Ry axcal/Rmax vs. blank ratio M.

The result indicates that when M > 24 (D < 4.2%) the ratio Ryyaxric/Rmax €xceeds
99%. Thus, the proposed CalSig provides good calibration results and its impact on the
detection range of the radar is negligible with a small value of D.

It is obvious that the proposed calibration method will take a long processing time
because the required number of samples N is large. In addition, during the time that
the echo signal exceeds the threshold, sampling the ComSig must be paused. The fol-
lowing example illustrates the time duration necessary to acquire a sufficient number of
samples. With phase and amplitude errors are required below 1° and 0.2 dB, we need
a number of samples: N = 131,072 (2'%) over some receiving/transmiting cycles, the
blank ratio of the CalSig: M = 32, a cycle has 2048 range cells. Then through about 1600
cycles, we will have enough N samples. Suppose that in half of a cycle, the echo signal
exceeds the threshold at which the ComSig is not sampled, therefore we need 3200
receiving/transmiting cycles. If each cycle is about 1 ms, then after 3.2 s, N samples
will be acquired entirely. That time completely meets the real-time requirement of the
calibration for radar systems. Parameters of electronic components in the operational
process mainly vary due to temperature, this change is relatively slow, even performing
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calibration in a few tens of seconds still meets the real-time requirement. Hence, to
improve the measurement accuracy, we can increase the number of samples (N), partic-
ularly if the phase and amplitude errors are required below 0.5° and 0.1 dB, we need to
acquire N = 220 samples.

4 Evaluation of the Proposed Calibration Method by Simulation

In this section, we verify the proposed calibration method by Matlab simulation for
independent receiving channels of a radar system using digital beamforming. Assume
that the system has four receiving channels with different phase and amplitude (gain)
parameters, the phase parameters are 0, 60, 120, 180 degrees and the amplitudes are
0, 1.58, 2.92, 4.08 dB, respectively. The echo signals on the receiving channels are
segments of random signals in the time domain with a random level in the range of 0-5
in comparison to the noise level. The CalSig has M = 32, peak power equivalent to the
noise level (Noise has the normal distribution). Since the CalSig average power is very
low, the ComSig power is considered to be approximately equal to the SNgcho Signal
power. The threshold level of the ComSig power to stop sampling is four times the noise
power (6 dB), the required number of samples is N = 100,000. Each calibration process is
started when we have enough N samples, calculating the phase and the amplitude errors
of the channels, compensating for those errors, then continuing to acquire N samples for
the next calibration. Results before and after calibration are shown in Figs. 12 and 13.
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Fig. 12. Signals in receiving channels before and after calibration.

It is clear that after calibration, signals at the outputs of the receiving channels
have the same phase and amplitude. The phase and amplitude errors of the channels
in comparison with the first channel are shown in Figs. 14. The measurement results
were recorded after each calibration. Figures 14 indicates errors of 100 calibrations.
The results show that the amplitude and phase errors are smaller than 0.1 dB and 0.8°,
respectively.



100

Phase errors (deg)

The calibration method presented in [11] achieves experimental results with a phase
error of 0.9° and amplitude error of 0.5 dB. Result comparison shows that the proposed

Normalized Amplitude Normalized Amplitude

05

-0.5 Ht

o
-1

=]

o

a
T

Amplitude errors (dB)
S
&

.
o

H. T. Viet and T. H. Minh

Four receiver channels before calibration
T

T T T T

-
o

4—channel 1 signal
channel 2 signal

0 —channel 3 signal||

—channel 4 signal

\Vd \Vd

-10 1 1 1 L 1

0 50 100 150 200 250
Number of Sample
5 Four receiver channels after calibration
T T T

T /\ /\ T
—channel 1 signal

channel 2 signal||
—channel 3 signal
—channel 4 signal
| VUV VU
0 50 100 150 200 250

Number of Sample

o

Fig. 13. Signals in receiving channels before and after calibration (Zoom out).

—Channel 1
—Channel 2
pRE—Channel 3
Channel 4

o
=}
s

-e—Average of channel 2

0 10 20 30 40 50 60 70 80 90 100
Index of calibrations
T :

—Channel 1
—Channel 2
—Channel 3

Channel 4

o

—e—Average of channel 2

L I I i

0 10 20 30 40 50 60 70 80 90 100
Index of calibrations

Fig. 14. Phase and amplitude error after calibration.

solution is feasible, achieving high accuracy in phase and amplitude adjustment.

To evaluate the impact of the CalSig on the detection ability of the radar system, we
suppose that the radar uses signal coded by maximum length sequences with a pulse
compression ratio of 256, the CalSig has a blank ratio M = 32. Figure 15 illustrates

signals in a receiving channel.
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Fig. 15. Illustration of signals in the receiving channel.

The received signal is pulse-compressed in two situations with and without the
CalSig, averaged over 32 receiving/transmiting cycles. SNR ratio is calculated in the two
cases, giving the reduction of SNR in the case of the CalSig presence. Figure 17 shows
the compressed signal. It can be seen that the noise background after the compression
filter is higher when the CalSig is applied to the system. Figure 17 indicates the reduction
of SNR due to the CalSig, it is approximately 0.13 dB, matching the calculation result.
0.13 dB reduction of SNR causes a decrease of the maximum detection range of the
radar by below 1%. Thus, the impact can be neglected.
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Fig. 16. Compressed signal with and without the CalSig.
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Fig. 17. SNR and reduction of SNR with the CalSig presence.

5 Conclusion

Real-time calibration in radar systems using digital phased array antennas is essential,
especially for systems that require high precision in controlling the parameters of the
TRMs while the system is in operation. There are various solutions to meet this require-
ment. In the proposed method, the CalSig frequency is the same operating frequency
of the system. The advantage of the method is that the measured parameters reflect
more accurately the channel’s characteristic, but a big challenge is interference between
signals. To overcome the challenge, the CalSig is generated as a random phase-coded
signal, simultaneously it is pulse-modulated with a large blank ratio. The proposed cali-
bration method achieves small measurement errors, ensuring real-time requirements and
negligible effect on the receive quality of the system. The simulation results show that
calibration errors can reach 0.8° and 0.1 dB in phase and amplitude, respectively. The
simulation results have demonstrated that calibration errors can reach 0.8° and 0.1 dB
in phase and amplitude, respectively. However, as indicated in Figs. 14 and 15, it is easy
to see that to reduce measurement errors, we can average through several calibrations
(equivalent to increase the number of samples N). This should be done when the system
operates stably, if averaging over 16 calibrations the phase and amplitude errors may be
less than 0.2° and 0.02 dB.
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