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ABSTRACT
ANALYSIS AND QUANTIZATION OF RANGE ERROR OF MODULAR
FMCW RADAR AT C BAND

Mahfoud Y. A. Abdulrazigh
M.S., Electrical and Electronics Engineering Department
Supervisor: Prof. Dr. Ali Kara
June 2017, 52 pages

This thesis presents the experimental analysis of range error of modular FMCW
(frequency modulated continuous wave) radar operating at C-band. FMCW radar is a
type of radar where frequency modulation is used in signal transmission. FMCW radar
can measure both range and speed of targets. One of the problems in the design of
modular FMCW radar is errors due to time delays in components and/or modules such
as cables, PA, LNA and antenna (Measurement Instrumentation Delay-MID). Then,
MID is taken into account to improve the accuracy of range measurement, and range
error is quantized. Time delay (MID) causes frequency offset in measured beat
frequency resulting in range error. Therefore, the resulting frequency offset of the radar
is estimated and quantized experimentally. In this way, a mean error of about 11cm
was achieved within 9m range measurements for C Band modular FMCW radar.

Keywords: modular FMCW radar, C band radar, radar range accuracy, instrumentation
radar.
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ÖZ

C BAND MODULAR FMCW RADAR MENZİL HATASININ ANALİZ VE
NİCELENMESİ
Mahfoud Y. A. Abdulrazigh
Yüksek Lisans, Elektrik Elektronik Mühendisliği Bölümü
Tez Yöneticisi: Prof. Dr. Ali Kara
Haziran 2017, 52 sayfa
Bu tez çalışması, C bant FMCW radarın menzil doğruluğuna yönelik deneysel analiz
sonuçlarını sunmaktadır. FMCW radar, frekans modülasyonu kullanan bir radar
tipidir. FMCW radar hem menzil hem de hız ölçümü yapabilmektedir. Modular bir
FMCW radar tasarımındaki zorluklardan birisi, güç ve düşük gürültü yükselteçleri,
antenler ile kablolar gibi bileşenlerden kaynaklanan zaman gecikmeleri sebebiyle
ortaya çıkan hatalardır. Ölçüm aleti gecikmeleri olarak isimlendirilecek bu tip
gecikmeler, menzil ölçümünde hesaba katılmaktadır. Bu zaman gecikmeleri, ölçülen
çarpma(vuru) frekansında sabit bir kayma olarak ortaya çıkmaktadır. Buda menzil
ölçümünde birçok değişken olmayan “kayma” olarak adlandırılır. Laboratuvar
ortamında geliştirilen modular bir FMCW radarda, zaman gecikmeleri sebebiyle
ortaya çıkan menzil hatası deneysel olarak irdelenmekte ve nicelendirilmektedir. Bu
kapsamda, S band FMCW radar ile 9m’lik bir menzil içerisinde yapılan ölçümlerde,
ortalama 11cm civarında menzil hatası başarımı sağlanabilmiştir.
Anahtar Kelimeler: modular FMCW radar, C bant radar, radar menzil doğruluğu,
enstrümantasyon radarı
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CHAPTER 1
INTRODUCTION

Radar is a very popular device to measure range and speed of targets. As it uses
electromagnetic wave (Radio Frequency-RF signal), measurements under severe
conditions such as fog, rain, snow and darkness can be achieved. The basic principle
is simple; a pulse based transmitting signal (Tx) from the antenna travels through the
space and hits objects (targets), and then reflected back to the receiver (Rx) antenna.
Finally, both signals are processed to give the range to the objects and their speeds [1].

CW (Continues Wave) radar, on the other hand, can only measure the speed but
not the distance. Therefore, improvement is needed to measure both range and speed.
Then, the bandwidth of CW signal can be extended by application of frequency and/or
phase modulation. The modulation signal might be a triangle, sawtooth, sinusoidal, or
some other type waveform. In general, these radars are called LFM (Linear Frequency
Modulation) radar. In the literature, it is commonly used as FMCW (Frequency
Modulated Continuous Wave) or FSK (Frequency Shift Keying) type radar [1].

As discussed in [2], PLL (Phase Loop Lock) has been widely used in FMCW radar
systems. In this way, linear frequency modulated (LFM) signal with 2 GHz bandwidth
can be generated easily. PLL can provide a great linearity over a broad bandwidth.
Consequently, it can achieve high precision of range measurement. O the other hand,
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prototype hardware can easily be developed by implementing signal processing
functions on FPGA (Field Programmable Gate Array) and/or DSP (Digital Signal
Processor). A radar system has been reported in [2].
In [3], a concept to increase the accuracy of range measurement is presented. It is
based on the elimination of the internal noise and compensation of large path loss. For
this purpose, amplification of the signal at beat frequency through a GVA (Gain
Variable Amplifier) is proposed.
In [4], a software based FPGA implementation is reported. It affects the precision
of range measurement due to the VCO’s linearity. The software defined radio interface
increases frequency by several kHz in every step of the counter according to the
distance. It provides higher linearity for the modulated signal within the tuning voltage
range. Moreover, instead of FFT the arc cosine ROM has been used in signal
processing block. In this way, the range is calculated in the time domain, and the
computational complexity of the hardware is reduced.
An interesting approach has been proposed in [5]. It combines two modulation
types, namely LFM and FSK. Then it uses the benefit of them in order to achieve
higher unambiguous range and high-resolution velocity measurement. Also, it reduces
the computation time. Moreover, it enhances the precision even in multi-target
situations. Hence it improves the performance of the radar.
Most of the theoretical works on FMCW radar was published during the 1940s to
1960s[6]. It is developed for many areas in civilian due to many advantages compared
to the other types of radars. These were very limited number of examples appeared in
the literature.
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1.1 Features of FMCW radar
Some of the advantages of FMCW radar are listed below;
•

Capability to measure small distance with high accuracy.

•

Capability to measure target range and its velocity simultaneously.

•

Simple processing circuits with smaller frequency band after the mixer.

•

Operations in harsh conditions of weather as fog, rain, snow, humidity and
dusty conditions.

•

Portability due to small energy consumption resulting small weight and size.

1.2 Use of FMCW Radar
1.2.1 Radio Altimeter
It is one of the early applications of FMCW radar to measure the distance from the
ground (altitude). It is still used by airborne platforms. It measures the range between
air platform and the ground or land. It is important for landing in low visibility bad
weather conditions.
1.2.2

Proximity Fuse

It is designed to exploding missiles or similar weapons automatically when the
weapon system measures the distance to the target (specific distance). It was invented
in the United Kingdom, but mainly development was during World War II by U.S
with British collaboration.
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1.2.3

Level Measuring Radar

It is used to identify level inside tanks. Transceiver antenna is placed on the top
and measures the distance to the surface of the liquid. In fact, it is advantageous when
measuring the level of a dangerous liquid.
1.2.4

Naval Navigational Radar

Navigational radars are not only used for long range to search the surface of the
water but can measure the short range and relative velocity of the targets around in
port for the safety of their maneuvers. It can be used under conditions of low visibility
for surveillance in ports.
1.2.5

Vehicle Collision Avoidance Radar

As the traffic grows in cities, a system for vehicle collision warning is necessary,
and now it is common. This system includes several radars located in front, behind
and two sides of vehicles. Front one is important for measuring continuously the range
and relative velocity of the vehicles. Brake systems are mostly activated with the range
and relative speed of vehicles.

1.2.6

Precision Range Meter for Fixed Targets

The high precision of distance measurement can be achieved due to the ability to
identify the weak difference of transceiver phase signals. However effective
simulation is critical for Doppler shift if multi-frequency is used. Thus, FMCW radar
is advantageous for such kind of applications.
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1.2.7

Hidden Object Detection

This kind of uses is simply testing of homogeneity of building substances the
detection of voids in walls and the confirmation of having reinforced bars in concrete.
The depth of penetration is an important requirement feature for high resolution. In
such applications, FMCW radar has significant benefits according to pulse radar. In
fact, there are other special applications, but these are most popular, and enough to
show that FMCW radar has a wide range of applications [7, 8].

The scope of this thesis is to implement and improve a modular FMCW radar at
C-Band. As an improvement, it aims to achieve higher precision in range measurement
by using wider bandwidth FMCW signals. Then, the simplest way is to operate the
VCO (Voltage Controlled Oscillator) at the full linear region to maximize the
bandwidth. Furthermore, it deals with the range accuracy by taking into account
instrumentation caused imperfections such as time delays. As known, the radar
instrumentation containing components such as amplifiers, mixers, adapter, cables is
not ideal or perfect. One of the imperfections is time delay (signal propagation delay)
in those components. Time delay causes frequency offset in beat frequency of FMCW
radar. That affects the range accuracy of FMCW radar. All these are presented in
chapter 3. On the other hand, theoretical basis of FMCW radars is presented in chapter
2.
The design of the FMCW radar, in this thesis, had two phases; simulations and
hardware implementation. Simulations and signal analysis were performed in AWR
VSS (Visual System Simulator) environment and MATLAB. Since a modular radar
5

design is intended, modular RF components (VCO, LNA, PA, splitter, mixer, LPF,
attenuators, antenna and cables) were used, and all components were COTS
(Commercial Off-The-Shelf). Design parameters such as maximum range, MDS
(Minimum Detectable Signal) and NF (Noise Figure) were calculated for short range
indoor environments. Then, the radar hardware was constructed and tested in the
laboratory environment. The design and some of the measurement results are
presented in chapter 4 and 5.
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CHAPTER 2
PRINCIPLE OF FMCW RADAR
In the literature, two simple block diagrams are widely used to illustrate the
principles of FMCW radar; single antenna and double antenna FMCW radars. Fig.1
shows double antenna FMCW block diagram. It has different antennas to handle
receiving and transmission signals separately. This provides many advantages.
R
Receiving
antenna

Mixer

Signal
Processing
System

Transmitting
antenna

FM
generator

Frequency
Modulator

Display

Figure 1. Block diagram of bistatic FMCW radar.
A separation between receiving and transmitting antennas is essential. In order to
decrease leakage of the transmitter signal to an insignificant level that reaches the
receiver.
In both structures, a part of the signal that is transmitted will reflect back as an
echo signal (received signal). Meanwhile, the reference signal (transmitted signal) is
placed straight into the mixer. The mixer takes Tx and Rx signals as inputs and
generates the IF (Intermediate Frequency). In addition, IF signal has two frequency
components which are f1+f2 and f1-f2 where f1 and f2 represents signal frequencies
for Tx and Rx channels. In order to eliminate high frequencies components, typically,
a low pass filter (LPF) is used. Then, the difference signal component can be obtained
to extract the beat frequency.
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2.1 Frequency Modulated Continuous Wave (FMCW)
FMCW radar is a particular kind of radar. It emits continuously similar to a simple
CW radar or waveform. However, it increases and decreases the frequency over a
period of time regularly. Thus, it is an improved version, or so-called modulated, of
CW waveform. The modulation signal might be sawtooth, triangular or sinusoidal.
That type of modulated signal is called chirp signal. It is modulated to determine speed
and range of the target simultaneously. The following figure (Fig. 2) shows a chirp
signal in time domain.

Figure 2. Time domain of the chirp signal.

Use of chirp signal in FMCW radar can be illustrated as in Fig.3. Assume
frequency variation of a Tx signal is linear as shown in Fig. 3.
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Figure 3. Transmitted, two received signals (modulation frequency) and two beat
frequencies according to received signals.

Therefore, an echo signal would reflect back by a target at the range R. The
propagation delay between the echo/reflected and the transmitted signals are
calculated by
2𝑅
𝜏=( )
𝑐

(1)

where c is the speed of light, τ is the propagation delay and R is the range from the
radar antenna to the target.

If the received and the transmitted signals are multiplied inside the mixer, and the
high-frequency output term is filtered out, then the beat frequency (fb) can be obtained.
If there is no Doppler shift in the signal, thus the fb will represent target’s range. The
resultant beat frequency will be constant except the turn-around region if a triangular
9

frequency modulated waveform is used as in Fig. 3. In Fig. 3, the red line represents
Tx signal while the green line represents the echo from a stationary target. It has a
delay time comparing with Tx signal. Moreover, it generates a constant beat
frequency. On the other hand, the blue line represents the echo by a moving target. It
has a delay time too, comparing with Tx signal. Furthermore, there would be a Doppler
frequency shift overlaid on the beat frequency. That overlaid has to be taken into
account throughout the demodulation. The Doppler frequency moves the frequency of
the echo signal according to the target’s relative velocity.
𝑓𝑏 = |𝑓𝑇𝑋 − 𝑓𝑅𝑋 |

(2)

where fb is the beat frequency, fTx is the transmit frequency and fRx is the receive
frequency.
When target is stationary, the level of the beat frequency only correlates to the range
and is given by
𝑓𝑏
𝐵
=
𝑇𝑚⁄
𝜏
2

(3)

where B is the modulation bandwidth and Tm is the period of triangular signal
(modulation period).
Substituting (1) into (3)
𝑓𝑅 = 𝑓𝑏 =

4𝐵 𝑅
×
𝑇𝑚 𝑐

𝑓𝑅 = 𝑓𝑏 = 𝐾𝑅
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(4)

(5)

𝑅=

𝑐𝑓𝑏 𝑇𝑚
4𝐵

(6)

𝑅 = 𝐾𝑓𝑏

(7)

where fR (or fb) represent the beat frequency according to the stationary target or clutter,
1

Tm represents the time duration of triangular signal (𝑇𝑚 = 𝑓 ) and K represents a
𝑚

constant (𝐾 =

𝑐𝑇𝑚
4𝐵

). Then the distance varies linearly with beat frequency. The range

to every single target can be calculated by FT (Fourier Transform) as the beat
frequency.
For a mobile or moving target, the Doppler effect drifts the absolute values of the
received frequencies. As a result, the down-converted frequency is
𝑓𝑑𝑢 = 𝑓𝑏 − 𝑓𝑑

(8)

𝑓𝑏𝑑 = 𝑓𝑏 + 𝑓𝑑

(9)

where 𝑓𝑑 is Doppler frequency, fbu and fbd are the beat frequency during rising and
falling slope of the modulation waveform. Once the levels of the beat frequency fbu,
fbd is measured in the baseband, the range and the relative speed of the target can be
obtained by
𝑅=

𝑐(𝑓𝑏𝑢 + 𝑓𝑏𝑑 )𝑇𝑚
8𝐵

(10)

𝑐(𝑓𝑏𝑑 − 𝑓𝑏𝑢 )
4𝑓𝑐

(11)

𝑉𝑟 =

where fc is the center frequency of transmitted signal over the rising and falling slope,
(

𝑓𝑏𝑢 +𝑓𝑏𝑑
2

𝑓𝑏𝑑 −𝑓𝑏𝑢

= 𝑓𝑏 ), and (

2

= 𝑓𝑑 ) [9].
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The minimum distance that can be measured between two targets is referred to range
resolution. As the minimum duration time τmin, between Tx and Rx signals is
τ𝑚𝑖𝑛 =

1
𝐵

(12)

Substituting (12) into (1) gives the range resolution, ∆R, for the radar:
∆R =

2.2

𝑐
2𝐵

(13)

Signal Analysis in FMCW Radar

The change of frequency in Fig. 2 can be described as positive and negative sweep
rate
ω+ = ω0 + αt

(14)

𝜔− = 𝜔0 − 𝛼𝑡

(15)

where 𝛼 is the rate of the change of the frequency and ω is 2πf.
𝛼=

2𝜋𝐵
= 4𝜋𝐵𝑓𝑚
𝑇𝑚⁄
2

(16)

The transmitted frequency can be written as
𝑉𝑡 (𝑡) = 𝐴𝑡 cos(θ(𝑡))

(17)

𝑑θ+ (𝑡)
𝜔 =
= 𝜔0 + 𝛼𝑡
𝑑𝑡

(18)

+

By integrating (18), we obtain
1
θ+ (𝑡) = 𝜔0 𝑡 + 𝛼𝑡 2 + θ0
2
12

(19)

Substituting (19) into (17)
1
𝑉𝑡+ (𝑡) = 𝐴𝑡 𝑐𝑜𝑠 (𝜔0 𝑡 + 𝛼𝑡 2 + θ0 )
2

(20)

The received signal is delayed by (τ) and attenuated in amplitude according to the
transmitted signal. Then
1
Vr+ = Ar cos(ω0 (t − τ) + α(t − τ)2 + θ1
2

(21)

To obtain the IF signal, Tx and Rx signals are mixed as
+ (t)
Vout
= Vt+ (t). Vr+

(22)

Substitute (20) and (21) into (22) and using trigonometric identity

𝑐𝑜𝑠𝐴. 𝑐𝑜𝑠𝐵 =

cos(𝐴 − 𝐵) + cos(𝐴 + 𝐵)
2

we can obtain the following
1
+ (t)
Vout
= At Ar [cos(2ω0 − ατ) t + αt 2 + θm1 ) + cos(ατt + θm2 )]
2

(23)

where
θm1 =

1
ατ − ω0 τ2 + θ0 + θ1
2

1
θ𝑚2 = 𝜔0 𝜏 − 𝛼𝜏 2 + θ0 − θ1
2
The first cosine term in Equation 23 has about twice carrier frequency with a phase
shift which describes linearly increasing FM signal (chirp signal). It is proportional to
τ (delay time). This term has to be eliminated by the LPF. The second cosine describes

IF signal at fixed frequency which refers to the beat frequency. It can be obtained as
the difference of the instantaneous of frequencies.
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By the derivative of the second cosine in Equation 23, the beat frequency can be
obtained.
𝑓𝑏 =

1 𝑑
(𝛼𝜏𝑡 + θ𝑚2 )
2𝜋 𝑑𝑡

𝑓𝑏 = 𝛼𝜏

(24)

(25)

By substituting Equation 1 and Equation 16 into Equation 25, we get
𝑓𝑏 =

4𝐵𝑅
𝑐𝑇𝑚

(26)

Therefore, the beat frequency is directly proportional to the range. Therefore, the range
can be obtained easily according to the beat frequency [10].

2.3

FMCW Signal Formulation

By Fourier transform any signal can be represented by a summation of a (possibly
infinite) number of sinusoids, with a particular amplitude and frequency. This
amplitude refers to the spectrum of the signal which spread the energy into the
frequency domain.
Now going back to Linear Frequency Modulation signal, it is a signal which
sweeps linearly over the pulse width. Then both up chirp or down-chirp can be
transformed (Fourier transform) to achieve broader bandwidth. Figure 3 shows a
typical LFM waveform. It is separated into up and down chirp as shown in Fig. 4.
Where the pulse width of Tx signal (up-chirp or down-chirp) is Tm/2, fc is the center
frequency and the bandwidth is B.

14

frequency

frequency
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Figure 4. Up and down chirp of typical LFM signal.

2.3.1

FMCW Signal Spectrum

In order to find spectrum of chirp signals, first the up-chirp can be expressed by
∅(𝑡) = 2𝜋 (𝑓𝑐 𝑡 +

𝑚 2
𝑡 )
2

−

𝑇𝑚
𝑇𝑚
≤𝑡≤
4
4

(27)

where the center frequency is fc and (m =2B/Tm). Therefore, the instantaneous
frequency is
1 𝑑(∅(𝑡))

𝑓(𝑡) = 2𝜋

𝑑𝑡

= 𝑓𝑐 + 𝑚𝑡

−

𝑇𝑚
4

≤𝑡≤

𝑇𝑚
4

(28)

Then, the down-chirp can be expressed by
∅(𝑡) = 2𝜋 (𝑓𝑐 𝑡 −

𝑓(𝑡) =

𝑚 2
𝑡 )
2

1 𝑑(∅(𝑡))
= 𝑓𝑐 − 𝑚𝑡
2𝜋
𝑑𝑡

−

−

𝑇𝑚
𝑇𝑚
≤𝑡≤
4
4

𝑇𝑚
𝑇𝑚
≤𝑡≤
4
4

(29)

(30)

A typical LFM signal can be constructed as
𝑥1(𝑡) = 𝑅𝑒𝑐𝑡 (

2𝑡 𝑗2𝜋(𝑓𝑐𝑡+𝑚𝑡 2 )
2
)𝑒
𝑇𝑚
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(31)

2𝑡

where 𝑅𝑒𝑐𝑡 (𝑇 ) refers to rectangular pulse of width Tm. Equation 3 can be written as
𝑚

follows;
𝑥1(𝑡) = 𝑥(𝑡)𝑒 𝑗2𝜋𝑓𝑐𝑡
(32)
2𝑡
2
𝑥(𝑡) = 𝑅𝑒𝑐𝑡 ( ) 𝑒 𝑗𝜋𝑚𝑡
𝑇𝑚

(33)

The spectrum of the signal of x1(t) can be determined from its complex envelope x(t)
Thus, taking FT of x(t) will produce

𝑇𝑚

∞

4
2𝑡
2
2
𝑋(𝑓) = ∫ 𝑅𝑒𝑐𝑡 ( ) 𝑒 −𝑗𝜋𝑚𝑡 𝑒 −𝑗2𝜋𝑓𝑡 = ∫ 𝑒 𝑗𝜋𝑚𝑡 𝑒 −𝑗2𝜋𝑓𝑡 𝑑𝑡
𝑇
𝑇𝑚
−∞
− 𝑚

(34)

4

Let m′ = 𝜋𝑚 =

2𝜋𝐵
𝑇𝑚

, and changing the variable to

2
𝜋𝑓
(𝑧 = √ (√m′𝑡 −
)) ;
𝜋
√m′

𝜋
𝑑𝑧 = 𝑑𝑡
2m′

√

(35)

Thus, Equation 34 can be written as
𝜋 −𝑗𝜋𝑓2 𝑧2 𝑗𝜋𝑧 2
𝑒 m′ ∫ 𝑒 2 𝑑𝑧
2m′
−𝑧1

𝑋(𝑓) = √

𝑧2 𝑗𝜋𝑧 2
−𝑧1 𝑗𝜋𝑧 2
𝜋
2
𝑒 −𝑗(𝜋𝑓) /m′ { ∫ 𝑒 2 𝑑𝑧 − ∫ 𝑒 2 𝑑𝑧 }
2m′
0
0

𝑋(𝑓) = √
where
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(36)

(37)

2m′ 𝑇𝑚 𝜋𝑓
𝐵𝑇𝑚
2𝑓
𝑧1 = √
( + )=√
(1 + )
𝜋
4
m′
2
𝐵

m′ 𝑇𝑚 𝜔
𝐵𝑇𝑚
2𝑓
𝑧2 = √ ( − ) = √
(1 − )
𝜋 4 m′
4
𝐵
The Fresnel integrals C(z) and S(z) are defined by
𝐶(𝑧) = (

𝑧

𝜋𝑣 2
) 𝑑𝑣
2

and

𝑆(𝑧) = ∫ 𝑠𝑖𝑛 (
0

𝜋𝑣 2
) 𝑑𝑣
2

(38)

C(z) and S(z) can be approximated by
1 1
𝜋𝑧 2
𝐶(𝑧) ≅ + 𝑠𝑖𝑛 (
)
2 𝜋𝑧
2

(39)

1 1
𝜋𝑧 2
− 𝑠𝑖𝑛 (
)
2 𝜋𝑧
2

(40)

𝑆(𝑧) ≅

By using the Equation 38 into Equation 37, and performing the integration produces
𝜋 −𝑗(𝜋𝑓)2
𝑋(𝑓) = √
𝑒 𝑚̀ {[𝐶(𝑧2 ) + 𝐶(𝑧1 )] + 𝑗[𝑆(𝑧2 ) + 𝑆(𝑧1 )]}
2m′

(41)

as the detail is provided in [11].

2.3.2

FMCW Signal Simulations (AWR/VSS)

VSS blocks of AWR software tool have been used to generate the spectrum of
FMCW signals, as shown in Fig. 5.
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Figure 5. Block diagram of FMCW signal Tx model in AWR/VSS.
Fig. 6, Fig. 7 and Fig. 8 show the triangular modulating signal, FMCW modulated
signal (chirp signal) in time domain and its power spectrum generated by the
AWR/VSS model of Fig.5.

Figure 6. Triangular modulating signal.
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Figure 7. FMCW modulated signal (chirp signal) in time domain.

Figure 8. The power spectrum of the modulated signal of Fig.7.
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2.3.3

FMCW Signal Generations

The simplest way to generate an FMCW signal is to use a VCO along with
Arbitrary Waveform Generator (AWGN). Fig. 9 shows the measured spectrum of such
signal by the spectrum analyzer in the lab environment. This signal represents the
power spectrum of the signal at the output of the splitter at Tx side. The challenge in
generating a linear FMCW signal is the linearity of VCO over the operational
bandwidth.

Figure 9. The measurement of FMCW spectrum.

2.4

Nonlinearity in FMCW Signals
The linearly of FMCW signal is a critical parameter in range and velocity

measurements. Higher the linearity, the better the range accuracy and precision in the
measurements. If transmitted signal is not linear over the band, nonlinearity in beat
frequency will be resulted. Fig. 10 shows frequency linearity performance of a
20

commercial VCO against tuning voltage (modulating signal). Fig.10 also illustrates
how nonlinearity in VCO frequency affects the beat frequency which makes the
measurements erroneous.

Figure 10. A commercial VCO linearity [12], and its resultant effects on the beat
frequency.
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This restriction is one of the significant problems in FMCW radar systems. If the
signal has nonlinear frequency variation, bandwidth will be limited. Therefore, the
range resolution will be bad.
Let us see how nonlinearity affects the beat frequency. For instance, if V(t) is a
nonlinear signal with error function φ(t) as follows:
1
𝑉𝑡 (𝑡) = A cos 2π (𝑓0 𝑡 + 𝛼𝑡 2 + ∅0 + φ(t))
2

(42)

The received signal is delayed by (τ) by ignoring the attenuation, it is written as
𝑉𝑟 (𝑡) = 𝐴 cos 2π (𝑓0 (t − τ) +

1
𝛼(𝑡 − 𝜏)2 + ∅0 + 𝜑(𝑡 − 𝜏))
2

(43)

By mixing the transmitted and the received signals, the beat frequency can be
extracted. Then it is a nonlinear signal as
1
𝑉𝑜𝑢𝑡 (𝑡) = 𝐴 cos 2𝜋 (𝑓0 𝜏 + 𝛼𝑡𝜏 − 𝛼𝜏 2 + 𝜑(𝑡) − 𝜑(𝑡 − 𝜏))
2

(44)

Therefore, beat frequency varies with time, so it is not constant anymore after
applying FFT (Fast Fourier Transform). A perturbed signal will appear in the
frequency domain instead of a constant beat frequency signal. Therefore, it decreases
the range resolution of the FMCW radar. On the other hand, the SNR (signal-to-noise
ratio) is degraded due to increasing bandwidth of the nonlinear beat signal.
Consequently, if two nonlinear signals are mixed, there will be nonlinear beat
frequency.
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2.5

Improving Linearity in FMCW Signal
Hardware Techniques involves circuits for modulation of the signal to generate

highly linear signals. However, software technique is implemented further processing
of the beat signal for better linearity. Use of a VCO (Voltage Controlled Oscillators)
is one of the simplest hardware techniques. A VCO is a kind of oscillator circuit that
generates a frequency modulated continuous wave (FMCW) with linear frequency
change according to input voltage (tuning voltage). Another approach is to use DDS
(Direct Digital Synthesizers) combined with PLL (Phase Locked Loop) that produce
a linear frequency signal as well. However, the design is usually more complicated
and expensive with better frequency resolution [13].
Software techniques deal with the nonlinearities within the beat frequency signal
but not the generating stage. Thus, it is necessary to understand how nonlinearity
within the transmitted signal is translated to nonlinearities in the beat frequency signal,
and do some calculations to correct these nonlinearities.

2.6

Signal Leakage in FMCW Radar
Another design constraint the sensitivity of receiver due to signal leakage from Tx

signal into the receiver chain. This must be handled carefully to achieve higher
measurement performance in the FMCW system. As FMCW radar transmits and
receives simultaneously, some level of leakage of the transmitted signal into the
receiver is expected. This has to be controlled not to decrease the sensitivity of the
receiver. The difficult problem appears when the leakage is so powerful that might
saturate the mixer at the receiver chain. Careful matching of the antenna is required to
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reduce the reflections from the antenna and a highly isolated circulator. Then it may
minimize the level of the reflections and the leakage into the receiver. The isolation
between the transmitter and the receiver is typically about 15 – 20dB. A precise design
can improve this isolation to about 30 – 35dB with a narrower band of frequency[8].
The simplest way to enhance the isolation is to use two separate antennas for
transmitting and receiving signals.
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CHAPTER 3
FMCW RADAR DESIGN

In chapter 2 block diagram of FMCW radar has been described briefly. This
chapter describes design stages of a FMCW radar. The requirements are simple greater
range, range resolution and accuracy of the range measurements. First of all, we
choose separate Tx and Rx antennas configuration in order to increase isolation,
therefore, enhance the sensitivity of the receiver.

3.1

Radar Range
To determine the expected maximum range, it must specify necessary parameters

according to the general range equation. Signals are attenuated during traveling in
space, and then longer the distance means more attenuation of the transmit signal. At
specific range, the signal is so attenuated that the echo signal disappears in the receiver
noise. This range, noise and minimum signal relations are illustrated in Fig. 11. In the
figure, the signal power level variation versus the range is provided by 1/R2 (one way
signal level at the target) and 1/R4 (round trip signal level at the radar Rx). The
maximum range corresponding to MDS is calculated by
1⁄
4

𝑅𝑚𝑎𝑥

𝑃𝑡 𝐺𝑡 𝐺𝑟 𝜆2 𝜎
=(
)
(4𝜋)3 𝑀𝐷𝑆𝐿𝑠𝑦𝑠

(45)

where Rmax is the maximum range, Pt is the transmit power, MDS is the minimum
detectable signal, 𝜎 is the radar cross section (RCS) of the target, 𝜆 is the wavelength,
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Lsys is the losses of the system, Gt is the transmit antenna gain and Gr is the receive
antenna gain [14].

1

Pr ∝ 𝑅 4
1

Pr ∝ 𝑅 2

Rmax
Figure 11. Signal Power variation with the range, noise and MDS (Smin).

3.2

The Minimum Detectable Signal (MDS)
The capability of receiver antennas to detect weak signals is limited by the power

of the Rx noise and the power of the echo signal. The weakest signal that can be
detected is called MDS (Minimum Detectable Signal). It is a key parameter of a radar
system to quantify the maximum distance, and also it defines the radar receiver
sensitivity. MDS is highly dependency on receiver noise.
𝐾𝑇0
𝑀𝐷𝑆 = 10𝑙𝑜𝑔10 (
) + 𝑁𝐹𝑠𝑦𝑠 + 10𝑙𝑜𝑔10 𝐵𝑊 + 𝑆𝑁𝑅𝑜𝑢𝑡
1𝑚𝑊

(46)

where k is the Boltzmann's constant (1.38*10-23 Joules/Kelvin), T0 is the reference
noise temperature of 290K, 𝑁𝐹𝑠𝑦𝑠 is the noise figure of the system, BW is the receiver
bandwidth (Hz), SNRout is the minimum required SNR for detection.
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A typical signal-to-noise ratio (SNR) depends on probability false alarm (Pfa) rate
and probability of detection of the radar (Pd). Typical values are 10-6 and 95% as
discussed in [15].

3.3

Noise Figure (NF)
Noise figure or noise factor (NF) is a parameter describing the level of the noise

generated by a system. It is like thermal noise, shot noise, and other noise effects due
to the physics of different types of circuit components. All of these noise effects are
combined to give noise factor (F). Apparently, NF degrades the SNR (Signal to Noise
Ratio) for a given input signal power level. For each element in receiver front end of
the radar, there may be gain, loss along with noise figure of each element. Certainly,
NF is precisely provided for the components like LNA and IF amplifiers. Each device
in a signal chain contributes to the whole receiver according to the following formula
𝑁𝐹𝑠𝑦𝑠 = 10𝑙𝑜𝑔10 (𝐹1 +

𝐹2 − 1 𝐹3 − 1
𝐹𝑛 − 1
+
+ ⋯+
)
𝐺1
𝐺1 𝐺2
𝐺1 𝐺2 … 𝐺𝑛

(47)

where Fn is the noise factor and Gn is the gain of each stage in the receiver signal chain.

Figure 12. Receiver Part.
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For example, to estimate the cascaded noise figure in the design of Fig. 12, all NF's
and the gain term have to be added up in dB (F=10NF/10 , G=10G/10).

3.4

RF-LO Isolation in Mixers
It is the amount of power difference between two inputs of the mixer that makes

output frequency invisible. Reasonable isolation is a critical parameter to reduce the
transmitter leakage into the receiver. In this way, the sensitivity of the receiver can
increased. The required isolation depends on the transmitter power and the noise level
as well as the sensitivity of the receiver is needed [16].

3.5

Velocity Factor
It is a measure how fast the signal can travel through the line. As known, RF signal

travels in cables slower than free space. Therefore, the ratio of actual velocity of
propagation through the cable and the speed of light in vacuum refer to velocity factor
[17]. There is a direct relationship between velocity of propagation (v) and the
operational wavelength (λ)
𝑣 = 𝑓𝜆

(48)

At high frequencies, v can also be simplified as it becomes a constant for that line
𝑣𝑝 =

𝑣
1
=
𝑐 √𝜖𝑒𝑓𝑓

(49)

where the velocity factor is a dimensionless parameter vp (< 1), and v is the velocity of
propagation in the medium (m/s), c is the speed of light in free space (~3×108) and
𝜖𝑒𝑓𝑓 is the effective dielectric constant of the medium. Then, dielectric properties of
cables and their lengths are critical for the time delays in the system.
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3.6

Measurement Instruments Delay (MID)
All electrical and electronic circuits systems suffer from some form of the time

delay between its input and output. If the signal is applied to the circuit at first, then
there is time past to get the output. That time is called time delay or time constant in
general. Consider a common capacitor-resistor-switch as illustrated in Fig. 13.

Figure 13. RC circuit [18].

Mathematically the one time constant to charge the capacitor by 63% of the supply
is given by (T=RC) where T is a time constant. The capacitor is charging or
discharging during a certain amount of time (time constant). If the resistor is connected
in series with the capacitor (RC circuit form) and the switch is on, the capacitor will
charge gradually until its voltage reaches the supply voltage after five times of time
constant. At the same time charging current will be decreased to zero as shown in Fig.
14 and Fig. 15.
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Figure 14. Capacitor charging voltage [18].

Figure 15. Capacitor charging current [18].
As knowing the equipment such as PA, LNA, Splitter and Mixer are compact
electronics circuits. Hence, they include passive and active components such as
capacitor, inductor, resistor, diode and transistor. Thus, as the delays due to these
elements are unknown, measurements of delays in such compact circuits (block)
should be done [18].
Now, consider the modular radar design shown in Fig. 16. It can be seen the signals
are transmitted from Tx to Rx antenna through reflections by an object (target) at the
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distance R. Therefore, the time delay occurs in space during the traveling of the
signals. Moreover, as explained previously, additional time delays (MID) should be
expected due to the cables, PA, LNA and Tx, Rx antenna. These time delays are
considered to be extra distance between Tx and Rx signals as shown in Fig. 17. Then,
the measured beat frequency will have an offset with respect to the actual beat
frequency as given by
𝑓𝑚𝑢 = 𝑓𝑏 + 𝑓𝑜𝑓𝑓𝑠𝑒𝑡

(50)

where the measured frequency is fmu, and foffset is the offset frequency. This offset
frequency produces error in the range measurement.

Figure 16. FMCW Radar Simulation Model (AWR/VSS).
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transmit signal
freq
desired receive signal
measured receive signal
B

fmu foffset
fb

τ

time

τID
Tm

Figure 17. Transmit signal, desired and measured receive signal relations.

Now by considering time delays in each component of the system in Fig.16, the
instrument time delay can be written as

𝜏𝐼𝐷 = 𝜏𝐿1 + 𝜏𝑃𝐴 + 𝜏𝐿2 + 𝜏 𝑇𝑥 + 𝜏𝑅𝑥 + 𝜏𝐿3 + 𝜏𝐿𝑁𝐴

(51)

where the total time delay of the instruments is τID and τL1, τL2, τL3 are the time delays
of the cables separately. τTx is Tx antenna time delay, τRx is Rx antennas time delay,
τPA is the time delay of the power amplifier (PA) and τLNA is the LNA time delay.

From the Equation 3 overall offset frequency can be obtained as
𝑓𝑜𝑓𝑓𝑠𝑒𝑡 =

2 𝜏𝐼𝐷 𝐵
𝑇𝑚

(52)

In fact, time delay by the cables can be figured out by the velocity factor by using
datasheet provided, or by using TDR (Time Domain Reflectometer) measurement.
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Thus, as the length of cables is known, the cable offset frequency can be obtained from
Equation 6 as
𝑓𝑐𝑜 =

2𝐵𝐿
𝑣𝑝 𝑇𝑚

(53)

Note that L here represents round trip distance (2R), and it is proportional to the
round trip time delay. Here, the overall cable length shown in Fig. 16 is given by
(L=L1+L2+L3), fco is the cable offset frequency and vp is the velocity factor. However,
it is not easy to measure the time delays of PA and LNA separately as well as the time
delay by the antenna. Also, there is no clear information about the delay in such
equipment. Therefore, measurement of combined delay could be a solution. It can be
done by removing the antennas and connecting the Tx & Rx blocks directly by keeping
the isolation as illustrated in Fig. 18.

Figure 18. Measurement of offset frequency.
In this case, some of the offset frequency can be measured as it is based on cables,
PA and LNA. Then, overall offset frequency should be a little bit different as the time
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delay of antennas is not included. Finally, the corresponding beat frequency can be
obtained by Equation 50 from which proper range measurement can be achieved by
the Equation 6.

3.7

Quantization of Error
The accuracy of short-range radar is more important than the long-range radar. A

few meters error is not significant for long range operation. However, it is very critical
for short range operation. The range error of a radar system is dependent on the
linearity of modulated signal along with multipath reflections for indoor applications.
Moreover, as described above, measurement instruments delay (MID) of modular
FMCW radar system may increase the range error. There may also be some other
sources of errors including beat frequency measurement device. Now, let us define the
error as the difference between expected (actual) and measured distances as

 = 𝑅 − 𝑅𝑒

(54)

Now, assume that the range measurement is repeated N times, then the mean and
the standard deviation of the error can be written as
𝑁

1
µ = ∑ 𝜀𝑖
𝑁

(55)

𝑖=1

𝑆𝑇𝐷 =

1
√𝑁 − 1

𝑁

(∑(𝜀𝑖 − 𝜇𝜀 )2 )
𝑖=1
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1
2

(56)

CHAPTER 4
RADAR IMPLEMENTATION

Two antennas radar configuration is used in this thesis work. Because higher
isolation between the transmitted and the received signal is required. Isolation is used
to degrade the noise and other effects along with reflected signals from the antennas.
In this way, better receiver sensitivity can be achieved.
As described in chapter 2, there are two common hardware to produce linear
frequency modulated signal; voltage controlled oscillator (VCO) and phase locked
loop (PLL). However, due to the complexity and cost of PLL, VCO has been chosen
in the design. However, the frequency response versus tuning voltage of commercial
of the shelf (COTS) VCOs may not perfect enough. Thus, it is necessary to identify
the sweep range in which the most appropriate linear range is achieved. Then, this
help us to determine the range of the operational frequency of the equipment in the
design, and then we try to operate the radar at the highest bandwidth possible. Thus,
according to Table 1 and Fig. 19, the highest bandwidth we can achieve is about
500MHz over around 4400MHz and 4900MHz. The output frequency of the VCO, we
choose, can vary in this range according to input tuning voltage.

The FMCW radar components were chosen accordingly, and the design
components are listed in Table 1.
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Table 1. Equipment of modular FMCW
Equipment type

Equipment

Operational

Identifier (part #)

Frequency (MHz)

Voltage Controlled Oscillator (VCO)

ZX95-5400+

4300-5400

Splitter

ZX10-2-183+

1500-18000

Power Amplifier

ZRON-8G+

2000-8000

Horn Antenna (Tx & Rx)

187-862 SMA

3950-5850

Low Noise Amplifier (LNA)

ZX60-542LN+

4400-5400

Frequency Mixer

ZX05-153MH+

3200-15000

Low Pass Frequency (LPF)

SBLP-870

DC-870

As shown in Fig. 19, the VCO (ZX95-5400+) can sweep on the range of 4.4 GHz
to 4.9GHz according to the tuning voltage (modulation signal) between 5v and 9v.

B

5v

9v

Figure 19. VCO output frequency versus tuning voltage [19].

36

Therefore, triangular modulation waveform of 4Vpp has been used as the tuning
voltage. It is generated by standalone arbitrary waveform generator (AWG) with 7V
offset of a DC power supply as illustrated in Fig. 20.
V

V

V(t) [v]

2
0

7

9

t

t

-2

7

t

5
Figure 20. In-lab generation of tuning voltage of the VCO.

The modulation voltage (triangular signal) has been used with 100us sweep time
(period). After that, the output of the VCO then is divided by a splitter. One output of
the splitter is connected to the mixer, after a 10dB attenuator, as a reference signal for
the received signal processing. The other output is connected to the power amplifier
(PA) to increase the range. Then, this signal is transmitted by the antenna to the target.
When the signal hits the target, a portion of the signal reflected back to receiver
antenna. Then the received signal is amplified by the low noise amplifier (LNA). After
that, it is mixed by the reference signal coming from the splitter. Finally, the low pass
filter (LPF) is used to remove high-frequency components. By this way, the beat
frequency (fb) can be extracted. The next step is to transfer the resulting signal to
frequency domain via FFT to obtain range information. Picture in Fig. 21 shows the
implementation of the design in the laboratory.
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Figure 21. Implementation of the design in the laboratory.
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CHAPTER 5
RANGE MEASUREMENTS
A simple test has been conducted to estimate the performance of FMCW radar
whose implementation is provided in previous chapter. The specifications of the
proposed FMCW radar is shown in Table 2. Two identical horn antennas are used in
transmit and receive chains. Each antenna has 15dBi gain at 4.6GHz. The operation
of the FMCW radar system was validated with a 1m2 flat aluminum plate as a target.
The target is placed in front of the antennas with 60cm steps from 1.2m to 9m. The
beat frequency is measured according to the distance of the target by taking MID into
account at every step.
Table 2. FMCW radar specifications
Frequency

4.4~4.9GHz

Bandwidth

525MHz in C-Band

Range Resolution

~ 0.29m

Sweep type

Triangular

Sweep time

100us

Target Range

1.2~9m (0.6m step)

Target

1 m2 Aluminum

Antennas

C-Band Horn Antenna

Cables (coax cable)

RG 58

On the other hand, according to Equation 47 noise figure of receiver cascaded
has been calculated as shown in Table 3.
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Table 3. Calculation of receiver cascaded noise figure
Component NF
LNA
2
Mixer
7
LPF
1.2
NFRx = 2.1dB

Gain
24
-7
-1.2

A typical signal-to-noise ratio (SNR) is 13.8dB as mentioned before in Fig. 2.6 of
[7]. According to previous specification MDS is -75dBm as represented in Equation
46. Thus, the maximum distance is about 16 meters at which a target of 1m2 RCS can
be detected at the ideal situations according to Equation 45.
Measured offset frequency was the next stage, and it was 120kHz as illustrated in
Fig. 22. However, offset introduced the cables is 102kHz by Equation 53 where
vp=66% is taken, and the overall length of the cables (L1+L2+L3) was 1.93m. Then,
it means the offset frequency due to the PA & LNA combination was about 18kHz.
Since the time delays in the antennas are not included in the measured values, the
overall offset frequency should be slightly higher than 120kHz.
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Figure 22. Measurement Offset frequency

A fixed target tests over the ranges given above has been carried out to evaluate
the performance of FMCW radar. The measurements of the FMCW radar in the
laboratory are summarized in the table 4.
Where Rmu is the measurement range, fmu is the measurement frequency, foffset
(foffset1, foffset2 and foffset3) represents three estimates of the offset frequency and Rc (Rc1,
Rc2 and Rc3) represents the calculated range according to the estimated offset
frequency, respectively
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Table 4. Range test measurements and errors due to the frequency offsets
foffset1

foffset2

foffset3

Rmu

fmu

120

135

140

Rc1

Rc2

Rc3

(m)

(kHz)

(kHz)

(kHz)

(kHz)

(m)

(m)

(m)

fb = fmu-foffset (kHz)
1.2

220

1.8

260

2.4

300

3

350

3.6

390

4.2

430

4.8

470

5.4

520

6

570

6.6

610

7.2

660

7.8

700

8.4

750

9

780

Error (m)

1

2

3

100

85

80

1.43

1.21

1.14

0.23

0.01

0.06

140

125

120

2.00

1.79

1.71

0.20

0.01

0.09

180

165

160

2.57

2.36

2.29

0.17

0.04

0.11

230

215

210

3.29

3.07

3.00

0.29

0.07

0

270

255

250

3.86

3.64

3.57

0.26

0.04

0.03

310

295

290

4.43

4.21

4.14

0.23

0.01

0.06

350

335

330

5.00

4.79

4.71

0.20

0.01

0.09

400

385

380

5.71

5.50

5.43

0.31

0.10

0.03

450

435

430

6.43

6.21

6.14

0.43

0.21

0.14

490

475

470

7.00

6.79

6.71

0.40

0.19

0.11

540

525

520

7.71

7.50

7.43

0.51

0.30

0.23

580

565

560

8.29

8.07

8.00

0.49

0.27

0.20

630

615

610

9.00

8.79

8.71

0.60

0.39

0.31

660

645

640

9.43

9.21

9.14

0.43

0.21

0.14

0.22

0.03

0.06

0.34

0.13

0.11

0.14

0.13

0.09

The mean error (m)

The standard deviation of the error (m)
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Fig. 23 illustrates the measurements by ignoring frequency offset. So the average
error was about 2m due to the MID causing frequency offset. On the other hand, Fig.
24 shows the case where frequency offset due to cables, PA & LNA is considered
where the average error was about 34cm. Moreover, Fig. 25 shows the elimination of
overall offset frequencies where the average error was about 10cm. In all these figures,
the blue line denotes the measurement results while the red line denotes the expected
results.

foffset

Figure 23. Measured range by ignoring the frequency offset.
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Figure 24. Measured range with measured beat frequency by removing the
frequency offset.

Figure 25. Measured range with measured beat frequency by removing the overall
frequency offset.
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Figure 26. Measured range versus beat frequency after removing the offset
frequency.

Fig. 26 show the beat frequency according to the distance. On the other hand, Fig.
27 and Fig. 28 shows screenshots of the spectrum analyzer where the beat frequency
with a sweep rate of 350kHz and 570kHz is considered for the targets (RCS=1m2)
positioned at 3m and 6m, respectively.
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Figure 27. Beat frequency for the target positioned at 3m.

Figure 28. Beat frequency for the target positioned at 6m.
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Fig. 29. Range resolution tests (three targets with different RCSs and ranges).

Figure 30. Beat frequency for the three targets of Fig.30
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CHAPTER 6
CONCLUSION

In this thesis, design and implementation of a modular FMCW radar operating at
C band are discussed. Moreover, the range accuracy and resolution of the radar are
improved. The range accuracy of such a modular radar is highly dependent on delays
between the components and in components. The range resolution is improved by
increasing the bandwidth of the radar signals. Extensive measurements were
conducted in the laboratory to estimate the range accuracy and the range resolution of
the FMCW radar.

The range accuracy of the FMCW radar systems depends on the beat frequency
measured at the output of the mixer after low pass filtering (LPF). The beat frequency
is proportional to the traveling time from the antenna to the target along with the time
delays imposed by the components (PA, LNA, mixer, LPF and cables between them)
between the antenna and the spectrum analyzer. This time delay is called MID
(Measurement Instrumentation Delay) in this thesis work. The MID of the FMCW
radar designed in this work was studied extensively in the laboratory. Then the mean
value and the standard deviation of the range error was less than 10cm within 9m
indoor range.

48

For improving the range resolution of the FMCW radar, the linear region of the
VCO is important. After a careful inspection of COTS VCOs in the market, a VCO
with more than 500MHz band over the linear region was identified. All other
components were chosen according to the operational band of the VCO. Thus, the
bandwidth of FMCW radar was extended to 525MHz and it achieves a range
resolution of less than 30cm.

The next research step is to illustrate the effects of MID (measurement instrument
delay) to the accurate measurements of the velocity in modular FMCW radar.
Also for a portable device, it may replace the power supply with the power unit
(batteries). Then distribute the power according to require VCCs of the components.
However, turning on the VCCs of the components before any passage of the RF
signals is critical. On the other hand, any drop power of the battery during the existing
RF signal in the components leads to damage the components. Therefore, this
upgrading has a risk (low battery warning) to the components. Thus, designing a
private permanent power supply according to VCCs of the components is better.
Also as mentioned in this thesis, the frequency ramp is the basic waveform in
FMCW radar, and the linearity of the frequency directly affects the precision. On the
other hand, PLL (Phase-Locked Loop) is able to control and fractional frequency
division. Therefore, it is provided a powerful method of ramp linearization. Whereas
it improves the linearity of the ramp signal means extending the bandwidth is possible.
In the literature, it may extend the bandwidth up to 2GHz. Thus, improve the precision
(range resolution) with PLL can be investigated.
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It is also possible using FPGA board instead of the spectrum analyzer. Whereas
that board consists blocks for Hamming window, 64k FFT (Fast Fourier Transform)
and peak detection to determine the beat frequency. Therefore, the distance can be
obtained. Moreover, there are several control blocks for more terminals on FPGA
board. Consequently, it is possible to process the incoming signals from the target
immediately. Thus, it has an advantage for portable design.
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