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Abstract

Calibrator of xCW radars

This work is dedicated to design, realization, measurements and experimental
verification of CW radar calibrator operating at 11 GHz frequency band.
Theoretical background and principles of CW radars are given in the first two
chapters of the thesis. Practical realization, as well as concepts of the
calibrator for such type of the radars based on MMIC are explained in the
third and in the fourth chapters. Measurement results and experimental testing

are presented in the fifth chapter.

Keywords: radar calibration, CW Doppler radar.

Abstrakt

Kalibrator xCW radaru

Tato prace se zabyvad navrhem, realizaci a experimentalnim ovéfenim
kalibratoru dopplerovskych radar pracujicich v pasmu 11 GHz. Teoreticky
zaklady a principy dopplerovskych radari jsou uvedeny v prvnich dvou
kapitolach prace. Prakticka realizace a koncepty kalibratoru pro tento typ
radarli zaloZzenych na MMIC jsou vysvétleny ve tfeti a Ctvrté kapitole.

Vysledky méfeni a experimentalni testovani jsou uvedeny v paté kapitole.

Klic¢ova slova: kalibrace radart, dopplerovske radary.
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Introduction

FM radars represent one of the oldest and simplest — yet at the same time one
of the most versatile types of radar. The use of frequency modulation to obtain
range information in radar is almost as old as radar itself, dating back to 1924
when Appleton and Barnett used the technique for ionospheric sounding. The
principles are very simple, yet FM radar have some interesting and elegant
properties that make them very well suited to a number of specialist applications
[1].

Nowadays, FMCW (frequency modulated continuous wave) and FMICW
(frequency modulated interrupted wave) radars have received a great deal of
popularity by the military and automotive industries by virtue of their
simplicity, high reliability and low cost. The continuous wave, which is well
matched to simple solid-state transmitter, employs low continuous power
compared to the high peak power of pulsed radar for the same detection
performance. The dechirp-on-receive operation greatly reduces the ADC

sampling rate, the ADC realization is simplified as a result.

Apart from design such types of radar there is necessary in development of a
radar target simulator for their calibration, testing and characterization. The
presented paper describes concept and design of such digital-controlled MMIC
based devices, simulating moving targets with a well-defined radial velocity up

to 75 m/s within the 8-12 GHz frequency band for active defense (AD) system.



1. FMCW Radar Basic Principles

Consider, in its simplest form, the FMCW radar. The transmitted waveform of
this radar has a constant amplitude, but a linear sawtooth variation of frequency
with time. The linear variation of frequency with time is often referred to as
chirp. A moving target echo (see Fig. 1) will consist of a replica of this

transmitted waveform, delayed by the two-way propagation delay:
T= 2Rt /C, (1)

where R; — the target range and c is the light velocity and shifted in frequency

by the Doppler frequency shift:
fo = — 2w folc, )

where v, — the target radial velocity and fy is central frequency of the transmitted
signal. After a direct downconversion by the mixer to the baseband at 0 Hz the

resulting IF frequency (or beat frequency) can be obtained from:
fie = 2mR¢/c + 2v,fy/c, (3)
where m — the slope of the frequency ramp.

From this relation it is quite obvious that a separation of distance and velocity
is not possible from a single ramp. Thus, multiple ramps with different slopes
have to be used followed by a matching of detected objects. However,
depending on the situation and modulation scheme this can lead to ambiguities
in combination with a significant computational effort for object matching. An
alternative modulation scheme which avoids these ambiguities is the chirp

sequence modulation.
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Fig. 1. The frequency difference between the transmitted chirp (solid line) and the
target echo (dashed line) and resulting IF frequency after the mixer.
A chirp sequence consists of a large number of fast frequency ramps with the
chirp duration Tehip and denoting N as the number of chirps. The signal
processing of such a chirp sequence is accomplished in the following way: First
a FFT is performed for each single chirp yielding the distance range of a
detected object. Due to the high slope of the frequency ramp the frequency shift
term due to the Doppler effect is by far smaller than the range shift within one
chirp. However, from chirp to chirp the phase changes due to the Doppler effect.
Therefore, in the following step a second FFT is performed for each distance
range across the single chirps [3]. Thus, the 2D-FFT shows the distance range

on one coordinate and the velocity of the object on the other one.
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2. Radar Sensors Concept

As we said, the designed calibrator serves for radar sensors for AD system [2].
In general, the AD systems are based on detection of approaching thread
missiles and activation of suitable counter-missiles able to destroy, deflect or
de-activate the former one. For these purposes, it is beneficial to employ the
CW radars. The main advantage radars of this type is their ability to detect fast
flying targets and easily suppress stationary or slow moving ones. The HW
elimination of stationary and low-frequency signal leads to substantial
improvement in the radar dynamic range. But as a result, the corresponding CW
radars can be tested and measured only by utilizing moving targets. This can be
expensive and time-consuming, especially in case of testing AD systems by

means of real military missiles.

Tx ant PA LO
HP/LP 4—-I>——' ADC
Rxant  LNA Mixer LFA
Digital
Signal
Processing

Fig. 2. Block diagram of analog CW Doppler radar.
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The block diagram of basic analog CW radar is shown in Fig. 2. The target is
illuminated by a CW produced by local oscillator (LO), amplified by power
amplifier (PA) and radiated through transmitting antenna. The receiver is based
on a coherent mixing of the received and amplified signal downconverted in the
mixer to the baseband. After removing the DC component by means of high-
pass filter signal is amplified again by low-frequency amplifier (LFA) with high

gain. It allows us to detect the moving targets with a very high sensitivity.

Tx ant PA LO
>—<I-— MOD
PNS
........... ouT,
HP/LP —:
MCD

Rxant LNA :
HP/LP |—
ouT

Fig. 3. Block diagram of digitally-modulated CW Doppler radar.

n

Fig. 3 show us the block diagram of more complex digitally modulated CW
radar. The transmitted wave has frequency modulation performed in the
modulator (MOD) driven by pseudo-noise sequence (PNS) generator. The
receiver performs the correlation of the received signal with several time-shifted
PN sequences in the multi-channel decorrelator (MCD). Then the decorrelated
signals are downconverted into baseband and subsequently filtered and

amplified in the same way as in case of the analog structure. The additional

13



modulation and correlation processes contribute to a substantial rise in
immunity of the radar against interfering signals and allow us to perform the
range measurements. Although the removal of all static reflections and cross-
talks results in a considerable increase of the radar dynamic range, it also makes

the system measurements and testing procedure more difficult to implement.

14



3. Calibrator Design — Theoretical Part

3.1. Calibrator concepts

Possible calibrator concept can be derived from principles of the basic CW radar
shown in Fig. 2. The main idea behind that is to simulate baseband signal spy(t)
of the CW radar at the HP/LP filter output which can be described as follows:

Spb (1) = App cos[@py, ()] = App cos[2mfpt + @] (4)
where Ap, — amplitude of the baseband signal which depends on the amplitude

of the transmitted signal, RCS of the target, propagation losses and conversion

gain of the CW radar receiver; ¢o — phase shift due to the range to target.

In order to obtain the output signal of the calibrator simulating constant target
radial velocity, baseband signal phase ¢n,(t) must changes linear with time (for

simplicity let’s assume that the range to target is 0 m):

Ppp(t) = 2mfpt. ©)
Such a linear phase change can be realized in various ways. One of these simple
methods is shown in Fig. 4. Either short- or open-ended from one side an analog
phase shifter is connected to the antenna input. The analog phase shifter is
controlled by the microcontroller DAC signal. The signal received by the
antenna (best to use an aperture antenna) will be reflected with a phase shift
2 @b, Where this phase shift is time-changing and set from 0 to 180. Realization

and experimental testing of such calibrator type is described in [4].

15



Analog Phase

Rx/Tx ant Shifter

@' ~ Open/Short

DAC

Microcontroller

Fig. 4. Block diagram of the calibrator based on analog phase shifter [4].

This work is dedicated to realization of another calibrator type which structure

is illustrated on Fig. 5.

PC
[; E Microcontoller
Rx ant g
LNA Digital Phase Digital

Shifter Attenuator

Tx ant

Fig. 5. Block diagram of the designed calibrator.
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The structure is based on the digital MMIC step phase-shifter and digital MMIC
step attenuator contolled by the microcontoller. The incident wave from the
radar is received by the Rx antenna, passes through the calibrator, radiated in
the direction to the radar by the Tx antenna and goes the same way back. Low
noise amplifier, as we will see in the following subsection, may be required for

simulating target with high RCS and located at close distances.

Because this structure is using step phase-shifter as a core component it’s
necessary to know required time At, during that time the digital step phase-
shifter should switch its phase by Agy,. Using formulas (5) and (2) and taking
into account that Doppler frequency shift occurs twice at radar we obtain:

_ Appp _ Appp €
T[fD 2T[Vrfo

For example, for the 11 GHz radar, the calibrator based on the 6-bit phase-

At

(6)

shifter with resolution 5.625° and assuming that simulation target should have

radial velocity 100 m/s it gives us required 4.26 us between phase switches.

3.2. Variations of the target RCS and the range to target

Now let us look what gain (or loss) the calibrator must add to received signal
from the radar to simulate the target RCS and the range to the target. For this

purpose, consider case of presence real target and case of a calibrator (Fig. 6).
Writing radar equation for case of the target we obtain:

Prad GTX GRX O-t/12

Prec = , 7
rec (47_[)3th:1. ( )

17



where P — received power from the target, P,q — radiated power of the radar,
Grx — transmitting antenna gain of the radar, Ggy —receiving antenna gain of the
radar, ot — RCS of the target, R; — the target range and 1 — wavelength of the

transmitted signal.
In a case of calibrator instead of the target radar equation looks as:

Prad GTX GRx Gc Tch Rx/14
(4mR)*Le '

Bec = (8)

where G¢rx — receiving antenna gain of the calibrator, G, — transmitting
antenna gain of the calibrator, R; — range to the calibrator and L. — total loss of

the calibrator.

CW radar Gry | | Target
'< i
! R, !
et
CW radar Calibrator

¢ Rx

o
()
o
—
x
—
o

£
AV

Fig. 6. Target and the calibrator are located at the different ranges from radar.

Now, taking into account that these received powers in both cases must be
equal, we can obtain required total loss of the calibrator L. for given target RCS

or and range to the target Ry
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L, = Gerxbend” el (&)4_ 9)

270y R,

As we seen before calibrator consists from phase-shifter and attenuator, so we
can roughly express L¢ = Lpn shifter + Latt, Where Lpn shifier — 10SS Of the phase-shifter

and Ly — loss of the attenuator.

Table 1. Required attenuation

Re [M] ot [M7] L. [dB] Lat [dB]
10* 12.7 5.7
1 107 2.7 427
1072 727 147
10° 52.7 457
10 107 427 35.7
107 327 25.7

Required L. and L, are shown in the Table 1 for simulating targets at the
distances 1 m and 10 m with RCS fluctuating from 10 to 102 m? for 11 GHz
radar and assuming that the calibrator are located R. =1 m from the radar,
Lohshifter = 7 dB and G¢rx = G¢ ¢ = 6 dBi.

19



3.3. Influence of step phase change

Since we use digital phase shifter with step changes of phase it results in
parasitic phase modulation which the calibrator adds to the received signal from

the radar apart from frequency Doppler shift (Fig. 7).

phase

fime

Fig. 7. lllustration of step phase changes vs ideal case.

Therefore Fig. 8 shows the simulation results done in Matlab for phase step
change at different Doppler frequencies shifts comparing with the required ideal

linear phase ramp.

Analyzing resulting spectrum of the baseband signal with step phase changes
we can conclude thar this parasitic phase modulation adds many side harmonics
which are located at the frequencies fp (2n+ 1), n=1,2,3, ..., and minimum

difference in levels between harmonics is 36 dB.

20



Doppler Shift = 2 kHz
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0 T T
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Doppler Shift = 10 kHz
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Fig. 8. Spectrum of the simulating signals for a) fo = 2 kHz; b) fo = 10 kHz.

It means that in case of simulating targets with low velocites (Doppler

frequency shift values result in several kHz) these harmonic can pass through

21



HP/LP filter of the radar and cause unwanted distortion of baseband signal.

However, real-word measurements are required.

22



4. Calibrator Design — Practical Realization

4.1. RF parts overview and description

The next step after defining concept of the radar calibrator is searching for
suitable components of the future devices. Main characteristics of the possible
digitally controlled MMICs which fit to 11 GHz band are illustrated in Table 2
and Table 3 [5-10].

Table 2. MMIC Digital Phase-Shifters

Name Manufacturer Resolution Price, $
HMC642A Analog Devices 6 bits/5.6 °© 102.69
MAPS-010166 MACOM 6 bits/5.6 ° 89.95
TGP2109-SM QORVO 6 bits/5.6 ° 84
Table 3. MMIC Digital Attenuators
Name Manufacturer Step/Range, dB Price, $
HMC1018A Analog Devices 1/31 89.64
MAAD-011021 MACOM 0.5/31.5 68
TGP2226-SM QORVO 0.5/31.5 50

For reasons of price and practical realization, TGP2109-SM from Qorvo for
phase-shifter realization and MAAD-011021 from Macom for attenuator

realization were chosen.

The Qorvo TGP2109-SM is a packaged 6-bit bi-directional digital phase shifter
fabricated on Qorvo’s high performance 0.15um GaAs pHEMT process [6]. It
operates over 8 to 12 GHz and provides 360° of phase coverage with a LSB of
5.625°. It also achieves a low RMS phase error of 4° with 6 dB of insertion loss.

Functional block diagram and part view in QFN package is shown on Fig. 9.

23



The Macom MAAD-011021 is a wide band 6-bit digital attenuator covering DC
to 30 GHz [10]. The attenuation bit-values are 0.5 dB LSB, 1, 2, 4, 8, and 16
dB for a total attenuation of 31.5 dB. Attenuation error is typically less than +/-
0.5 dB, RMS phase error is less than 5 degrees at 20 GHz, and typical insertion
loss is 7.2 dB at 15 GHz. Return loss is typically 12 dB across all frequencies

and attenuation states. Functional schematic is illustrated on Fig. 10.

15 |14 12 13
2L 1w H o2 H s H o H e H e PR
In Out
8 6 5 7
a)
RF In
b)
Fig. 9. The Qorvo TGP2109-SM phase shifter: a) functional block diagram; b) part
top view.
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N/C Ve N/C N/C

GND

RFOUT

GND

Vé

V2 V3 v4 V5

Fig. 10. The Macom MAAD-011021 attenuator functional schematic.

The attenuator integrates an inverter to allow a single control for series/shunt
attenuation. This inverter requires a -5V supply (VCC) and 17 mA typical,
logicisOV/+5V.

For this -5 V VCC realization circuit based on MAX851 IC was implemented
(Fig.11). The Maxim MAX851 is low-noise inverting charge-pump power
supply which offers adjustable (-0.5 V to -9 V) output voltages [11]. To provide
required -5V 1 % tolerant SMD resistors R1 = 100 kQ and R2 = 290 kQ from
Yageo [12] for voltage divider were chosen according to datasheet
recommendations. Tantalum Polymer SMD capacitors from Vishay [13] were

used for C1, C2, C3 and C4 polar capacitors.
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Fig. 11. MAX850/MAX851/MAX852 adjustable configuration.

4.2. PCB layout design

Electrical schematics (Fig. 12) and PCB layouts for both devices (Fig. 13 and
Fig. 14) were drawn and designed in free version of Autodesk Eagle 7.7.0
software. This version is suitable for students and includes 2 schematic sheets,
2 signal layers, and 80 cm? board area. In addition, separate library with MMICs
footprint for their proper soldering was created. For more details about
schematics and layout view, please look into materials from CD (including

Gerber files). All PCBs were manufactured by PragoBoard s.r.o. [14] in Prague.
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Fig. 12. Electrical schematics: a) attenuator; b) phase shifter.

27




SHO T le7 010

vdgbsoprzsd
. VoIbIASE®USIbAA .

e [ER

megrwsqe[]
Ijﬁi SifonpemoliDsld

N FOS

b)
Fig. 13. Attenuator PCB layout: a) top layer view; b) bottom layer view.
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RF paths on both PCBs were realized in the form of GCPW having 50 Q
characteristic impedance with 0.5 mm width and 0.55 mm gap and ending with
0.4 mm long tapering to connect 0.3 mm RFIN/RFOUT MMIC pads (Fig. 15).
In order to ensure that such tapering does not affect the line impedance, a
simulation in AWR Microwave Office was performed with results are shown in
the Fig. 16.

All this GCPWs are assumed to be manufactured on Rogers 4350B substrate
[15] with 0.508 mm thickness and 18 pm Cu metallization.

GND @@@

0,55 mm

Signal

0,5 mm
Layer

sno ) @) &

Fig. 15. Top layer of used GCPW with tapering shape.

30



Loss (dB)

11 GHz — DB(|S(2,1)])
-0.1929 dB
— DB(|S(1,1)])
— DB([S(2,2)])
11 GHz 11 GHz
-18.66 dB -19.07 dB
10.6 10.8 112 114
Frequency (GHz)

31

Fig. 16. Simulated S-parameters of designed GCPW.




4.3. Components soldering, connectors mounting and shielded box

placing

MMIC components were soldered using hot air with PCB placed on a heated
surface. Other components were soldered using common soldering station.
After component soldering, PCBs, Jyebao SMA864N-0032 RF connectors [16]
and usual D-sub 9 female connectors (Fig. 17) for power supply and controlling
signals were mounting by screws on/into special aluminum boxes.
Correspondence between D-sub 9 pins and PCB pads for both devices listed
below in Table 4. Photos of the assembled devices without top and bottom

metallic caps is shown on Fig. 14 and Fig. 15.

4 )
1 2 84 4 S
G} O OO0 0O @
0O 0 Q O
6 7 8 9
\_ v

Fig. 17. D-sub connector pin numbering.

Table 4. D-sub pins and PCB pads correspondence

D-sub pin number FIERES Sh:::r:ePCB PR Attenuator PCB pad name
1 GND GND
2 B5 Bl
3 +5V B2
4 B6 B4
5 B1 B5
6 B2 VCC
7 +5V B3
8 B4 B6
9 B3 N/C
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b)
Fig. 19. Attenuator: a) top view; b) bottom view.
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4.4. Microcontroller choice and application software developing

For application software developing, STM8L-Discovery board (Fig. 20) was
provided by my supervisor. The board is based on STM8L152C6T6
microcontroller which is 8-bit ultra-low-power MCU, up to 64 KB Flash, with
2 KB data EEPROM, RTC, LCD, timers, USARTS, I12C, SPIs, ADC, DAC,
comparators [17].

Fig. 20. STM8L-Discovery board.

The application program was written in C language using ST Visual Develop
and Cosmic Compiler development tools. Due to the limited capabilities of
STMB8L-Discovery board, namely only one available user button (blue button
on Fig. 16) program was written in the way that the interrupt from pushing the
user button was used by microcontroller to change between simulating

velocities.

After the microcontroller is switched on by connecting USB cable to the board
or using some external power supply, the program is set to a mode #0 at which
phase shifting MMIC is set to a constant phase shift of O degrees (this mode is
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also used to measure S-parameters). After pressing the button again, the
program switches to mode #1 and starts to simulate the target with radial
velocity of 1 m/s. Further button pressing increases simulating speed and, once
the maximum speed is reached, it switches back to mode #1. Corresponding
simulated radial velocity, resulted Doppler frequency shift and LSB switching

time for each mode are shown in Table 5.

Table 5. Program modes and its parameters.

Mode | Simulated v, m/s Expected fp, Hz LSB switch time, ps

0 0 0 0

1 1 74 213
2 10 740 21.3
3 25 1850 8.5
4 50 3700 4.26
5 75 5550 2.84
6 110 8125 1.94

To increase MMIC phase by smallest phase step of 6.625, application uses
microcontroller 16-bits timer TIM1 [18] and switching between phases happens
at TIM1 overflow event. For more details about application flowchart structure
and source code please refer to Appendix A and Appendix B respectively, or to

materials on CD.

As already mentioned, the microcontroller has some limitations, so in the case
of the attenuator it was decided to set the specified attenuation manually,

applying control voltage to the corresponding pins.

35



5. Measurement and Experimental Results

5.1. S-parameters measurement

S-parameters of designed devices were measured by Agilent E8364A VNA
calibrated from 10 GHz to 12 GHz (Fig. 21). Test condtions for phase shifter
were 3 V supply voltage direct from microcontroller and MMIC phase set to 0°
and 5 V supply voltage from power supply for attenuator at room temperature.
Measurements resuts were processed and plotted in AWR Microwave Office

software.

Fig. 21. S-parameters measurement setup.
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Fig. 22. Measured S-parameters of the phase shifter.
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Figure 23. Measured S-parameters of the attenuator.
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From Fig. 22 we can conclude that insertion loss of designed phase shifter is
ranging from 6.5 dB to 9 dB what is approximately 1.5-2 dB less than the same
parameter according to datasheet for given frequency range. Input and output

return loss for 11 GHz are below -10 dB which means that device is well

Fig. 24. Insertion loss for each significant bit.

matched at input and output.

Results on Fig. 23 show that the attenuator is well matched at the output for
11 GHz but not so well matched at the input. Insertion loss is approximately
2.5dB less than corresponding datasheet parameter. Also Fig. 24 shows

attenuation towards reference value for each significant bit set to logic ,,high*

state.
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5.2. Microcontroller signal measurements

In order to ensure that application software for phase shifter is working correct

and microcontroller sends the right in time domain signals which correspond to

the given mode, the voltage at the output of microcontroller pin PBO was
measured with Keysight MSO-X 3034T oscilloscope (Fig. 25 and Fig. 26).
Recall that pin PBO serves to control LSB of phase shifter MMIC and, therefore,

has the highest switch rate between logic states.

100v/ 4 5000us/  00s Ao £ 3 147y E] 100w 4 5000us/  0.0s Ao £ 3 147V L]
i Cursor & | i Cursor & .
L —
[ Manual ! [ Manual
*103): i X1(3):
0. i 0.0f
i 3
AX: AX:
213.0000004 213000000
—— p— | e [EV75S
46948kH 46.948kH
a) b)

100/ 4 2000us/  0D0s Auto £ 3 14 I qoow 4 1.000us/ 0.0s Auto F o3 147V £
i Cursor & . i : Cursor .
A e ety ;
| | Manual | Manual

ey X13):
0.0 0.
‘ &X: aX:
8.600000u 4.26500004
_ 178%: |- — — 18X
116.28kH 234.74kH
c) d)

Fig. 25. Oscilloscope screenshots for: @) mode #1; b) mode #2; ¢) mode #3;
d) mode #4.
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Fig. 26. Oscilloscope screenshots for: a) mode #5; b) mode #6.

5.3. Signal spectrum measurement

This measurement was done to compare the RF signal generating by CW radar,

and going directly through 20 dB attenuator to the phase shifter, with the RF

signal at the output of the phase shifter. The measurement was perfomed using

a Rohde&Schwarz spectral analyzer with a phase shifter set in a mode #5 with

a maximum rate of phase change.

It can be seen from the Fig. 27 that the signal at the output of the phase shifter,

as expected, has some parasitic phase modulation. The strongest side harmonic

is located in 56 kilohertz from the main harmonica and 30 decibels below. It

can be concluded that this signal is quite qualitative and these side harsonics

will be filtered out during further processing in CW radar.
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Fig. 27. Spectrum at: a) phase shifter input; b) phase shifter output.
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5.4. Calibrator testing

The most important test was performed with setup shown on Fig 28. For
simplicity of testing, calibrator was connected directly to 11 GHz CW radar by
RF cables. In order to avoid amplifier in radar Rx chain to be overdriven, a
20 dB attenuator was used between Tx antenna output and input of phase shifter
and also 15dB attenuation of attenuator was set. Advanced Lecroy
WaveRunner 640Zi oscilloscope was used to measure baseband signal at output
of HP/LP filter and for data acquiring and saving. Phase shifter speed was set
to simulate target radial velocities: 25 m/s, 50 m/s, 75 m/s and 110 m/s. 1 sec

long signals were sampled at 10 MHz sampling rate and saved as DAT file

format. Further data processing was done in Matlab.

- h o

Fig. 28. Calibrator testing setup.
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Fig. 29. Time domain waveform and corresponding FFT spectrum for simulating
target with 25 m/s radial velocity.
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Fig. 30. Time domain waveform and corresponding FFT spectrum for simulating

target with 50 m/s radial velocity.

44



INA AN NANANRNNR

Amplitude [V]
o

S YV VYV VYUV

1.8

_04 ] ] ] 1 1 1 ] ]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time [ms]
0 T T . T T T T T T T
X:5.432
“19 Y: 0 i
20 X0 i

Relative Magnitude [dB]

0 2 4 6 8 10 12 14 16 18
Frequency [kHz]

Fig. 31. Time domain waveform and corresponding FFT spectrum for simulating
target with 75 m/s radial velocity.
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From these graphs (Fig. 29 — Fig. 31), we can see that the processed signal at
the output of the radar HP/LP filter has an almost pure harmonic waveform with
a strong component at expected frequencies. The spectrum is stable and the
simulated target velocity is constant and well defined.. Also, due to parasitic
phase modulation and non-linearity in the Rx chain of the radar, signals contains
the higher fp harmonics which level at least 30 dB less in the case of simulating
the target radial velocity of 25 m/s and this level decreases as the simulated
velocity is increased. Evidently, filtering is affected these harmonics as, for
example, amplitude of received signal is greatly reduced for last case with
fo = 6.944 kHz (Fig. 32).

Based on the measured and expected pseudo-Doppler shifts we can calculate

the absolute error between them (see Table. 6) as:

|Expected fp — Resulted fp|

E = -1009 10
rror Expected fp 00% (10)
Table 6. Error of pseudo-Doppler frequency.
Simulated v, m/s | Expected fp, kHz Resulted fp, kHz Error, %
25 1.85 1.812 2
50 3.7 3.674 0.7
75 5.55 5.432 2.13
110 8.125 6.944 14.5

It could be seen from this table that within the limits of simulated velocity from
25 m/s to 75 m/s, the error is approximately 2% from expected value, which
could be considered as quite good result. However, in case of maximum
velocity of 110 m/s this error is quite significant - 14%. This behavior is most
likely due to the behavior of the phase shifter at high phase-switching rates, but,
unfortunately, there’s no any transient measurements in the datasheet regarding
the phase shifter response time to changes of the control signal.
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To determine the maximum range of applicability of the calibrator with
affordable accuracy, additional measurements should be made with a smaller

step between simulating fp.
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Conclusions

This diploma thesis is concerned with designing, practical realization and
experimental verification of a calibrator setup for testing 11 GHz band xCW
radars. The setup, itself, consist of the digital controlled MMIC phase shifter,
key element, the digital controlled MMIC attenuator and microcontroller to

drive phase shifter.

Experimental testing of CW radar shows, that the setup is able to simulate
moving target with radial velocity from 1 m/s up to 75 m/s with about 2%
accuracy, generating quite pure stable sinusoidal signal at radar HP/LP filter
output with almost negligible fo-multiple side harmonics (the second one at
least 30 dB less).

Realized setup may serve as a good basis for the following-up efforts focused
on testing more complicated types of xCW radars (FMCW, PNCW, etc.)
operating at 8-12 GHz frequency band or optimization calibrator setup using
more advanced microcontroller. One may add, that realized phase shifter and

attenuator, itself, also could be used in another application.
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Appendix A. Application Software Flowcharts

A.1. Main application flowchart

START

Timer TIM1 Configuration

Clock and Interrupt Configuration;
Peripheral Initialization

Set Initial Phase Shift

Enable Interrupts

INFINITE LOOP
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A.2. “User button pressed” interrupt flowchart
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Yes User Button No

Is TIM1 already
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Yes
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i
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EXIT EXTI1
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A.3. “TIM1 overflow” interrupt flowchart

Variables Initialization

No

Has TIM1
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Is Phase
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Appendix B. Application Source Code Listing

B.1. Main program — main.c

/**

KA A A A A A A A A A A A A A A A A A A AR A A A A A A A A A AR A A A A A A A A AR A A A A A A A A A AR A A AR, k%K

R iR b I b b b b I b b b b i b b Y

* @file Diploma/main.c
@author Andrey Zidkov
@version V2

@date 05/2010

@brief Main program body

*

*

*

KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A AR, K%k

R IR b I b b b b I b b b b i b b Y

#include "stm8115x.h"
#include "stm8115x clk.h"

void main (void)

{
// Set System Clock divider to 1
CLK->CKDIVR = 0x00;

/‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k TIM]_ Conflg ***********/
// Apply Internal Clock to TIM1
CLK->PCKENR2 = 0x02;

// Set Auto-Reload Register
TIM1->ARRH = OxFF;

TIM1->ARRL = OxFF;

// Set Prescaler Register to 1
TIM1->PSCRH = 0x00;

TIM1->PSCRL = 0x01;

// Enable interrupt

TIMI->TER = 0x01;

TIM1->EGR 0x01;

// Update request source
TIM1->CR1 = 0x04;

[rRxHRxxxHxxFxA* Tnit Board key button and led ***xkxkxkxx/
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// Interrupt sensitivity set to falling edge only for PCl
EXTI->CR1 = 0xO0A;
// Init GPIO Port B

GPIOB->DDR |= 0x3F;
GPIOB->CR1 |= 0x3F;
GPIOB->CR2 |= 0x3F;

// Set initial 0Odeg phase shift
GPIOB->ODR = 60;

// Init GPIO Port C

GPIOC->DDR &= O0OxFD;

GPIOC->CR1 &= OxFD;

GPIOC->CR2 |= 0x02;
// Init GPIO Port E
GPIOE->DDR |= 0x80;
GPIOE->CR1 |= 0x80;
GPIOE->CR2 |= 0x80;
// Light on green LED
GPIOE->0ODR |= 0x80;

// Enable Interrupts
enableInterrupts();

/* Infinite loop */
while (1)
{
//
}
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B.2. Interrupt routine — stm8I15x _it.c

/**

KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A AR A A A A A A A A A A A A A A A A A A A AR AR AR, k%K

R e d AR dh db ab b b b b S dh g 4

* @file Diploma/stm8115x it.c

* @author Andrey Zidkov

* @version V2

* @date 05/2010

* @brief Main Interrupt Service Routines.

__CONST uint8 t PhaseTable[64] = {60, 61, 62, 63, 56, 57, 58,
59,

52, 53, 54, 55, 48, 49, 50, 51,
44, 45, 4o, 47, 40, 41, 42, 43,
36, 37, 38, 39, 32, 33, 34, 35,
28, 29, 30, 31, 24, 25, 26, 27,
20, 21, 22, 23, 1le¢, 17, 18, 19,
12, 13, 14, 15, 8, 9, 10, 11,
4, 5, 6, 7, 0, 1, 2, 3};
uint8 t phase state = 0;
__CONST uint8 t SpeedTableH[6]
0, 0}

___CONST uint8 t SpeedTableL[6]
uint8 t speed = 6;

Il

—

(O)}
~

(@]
~

(@]
~

(@)
~

{1e9, 170, 68, 33, 22, 17};

/**
* @brief External IT PIN1 Interrupt routine.
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* On User button pressed:
* Set corresponding Auto-Reload Register Value
*/

INTERRUPT HANDLER (EXTI1 IRQHandler, 9)

{

// IT Linked to USER button present on board on PCl1l
detected on falling edge only
if (! (GPIOC->IDR & 0x02))
{
// Check if TIM1 already running
if (! (TIM1->CR1 & 0x01))
{
// Set phase shift speed
speed = 0;

// Set corresponding Auto-Reload Register Value
TIM1->ARRH = SpeedTableH|[speed];
TIM1->ARRL = SpeedTablel [speed];

// Enable Timer TIM1
TIM1->CR1 = 0x01;

else
{
speed++;
if (speed>))
speed = 0;

// Set corresponding Auto-Reload Register Value
TIM1->ARRH = SpeedTableH|[speed];
TIM1->ARRL = SpeedTablel [speed];

// Light on/off green LED
GPIOE->0ODR "= 0x80;

}

// Clear interrupt flag
EXTI->SR1 = (uint8 t)0x22;
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/**
* @brief TIM1l Update/Overflow/Trigger/Commutation Interrupt
routine
* At TIM1 Overflow:
* Increase phase by one LSB (5.625 degree)
*/
INTERRUPT HANDLER (TIM1 UPD OVF TRG COM IRQHandler, 23)
{

if (TIM1->SR1 & 0x01)

{
// Increase phase by 5.625 degree

phase state++;
if (phase state>63)
phase state = 0;

// Set corresponding output state
GPIOB->ODR = PhaseTable[phase state];

// Clear interrupt flag
TIM1->SR1 = 0x00;
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