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Chapter 1

Introduction

1.1 Background

Since the 1800, the year that first wireless phone invented by Alexander Graham Bell and
Charles Sumner Tainter occurred, the wireless communication technology has become a
popular issue. After over 140-year development, now, the era of 5G is coming.

For 5G/B5G, the phantom cell [1] has been proposed and studied. The phantom cell
is consisted of one macro cell operating in low frequency band, such as UHF band, whose
communication distance is about 1 km and several small cells operating in high frequency,
such as SHF and EHF band, whose communication distance is about several hundred me-
ters. The control data (low speed) and user data (high speed) are transmitted by macro cell
and small cell, respectively so that the high-speed and stable wireless communication can
be achieved by phantom cell as shown in Figure 1.1. However, the higher attenuation in
higher frequency band limits the capacity of 5G/B5G and becomes a problem. To solve it,
the beamforming technology [2] has been proposed as shown in Figure 1.2. In the concept
of beamforming, the directivity of antenna is improved by using multiple antennas (array
antennas) and the sharper beam can be generated in high power level, which means the sig-
nal can be transmitted farther in high frequency band. Meanwhile, the direction of beam
can be controlled by adjusting the phase difference of antenna element. Considering the
moving terminals, the scan angle of beam should be as wide as possible.

1



約1km

数百m

Figure 1.1: Phantom cell [1]

Figure 1.2: Beamforming technology [1]
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(a) ABF transmitter

(b) DBF transmitter

Figure 1.3: Beamforming transmitter configuration

To implement the beamforming technology, there are two transmitter configurations as
known as analog beamforming and digital beamforming [3]. As shown in Figure 1.3, in
ABF, the phase shifter is implemented in RF transmitter (analog domain) so that only one
transmitter module is needed. With a simple configuration, only one beam can be generated
in one time slot, which is the cons of ABF that limits the capacity of whole system.

On the other hand, in DBF [4–6], the phase shifter is implemented in DSP (digital do-
main) so that each antenna element needs a transmitter module. Consequently, the DBF
transmitter is much more complex than ABF transmitter. However, the DBF transmitter
can generate multibeam for multiuser simultaneously which improves the capacity of whole
communication system.

As a result, DBF has a great advantage on system capacity but the miniaturization of
transmitter module is necessary for practical implementation.
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An practical example of 64-element 28GHz-bandDBF transmitter is presented in Figure
1.4 [7]. Obviously, configuration of multiple complex transmitter module limit the practical
implementation of DBF transmitter especially in high frequency band at which the distance
between each antenna element is very short.

(a) Block diagram

(b) Picture

Figure 1.4: Practical example of DBF transmitter [7]

Another problem of DBF transmitter in high frequency band is antenna. As shown
in Figure 1.4, to connect the transmitter module with antenna, feeding components, such

4



as SIW, is necessary in previous research. To achieve the miniaturization of whole DBF
transmitter, the integration between antenna and transmitter module is also a must.

1.2 Problems and Motivation

1.2.1 Direct Digital RF transmitter

To minimize the transmitter, digital RF technology [8–11] has been proposed. As shown
in Figure 1.5, compared with the conventional transmitter, in digital RF transmitter, the
RF signal is generated from DSP without up-converter (LO and mixer) so as to realize the
miniaturization of transmitter. However, to generate RF signal at high frequency band, the
high-speed DSP is necessary.

n-bits DAC HPABPF

LO

DSP
Mixer

TX module

(a) Conventional transmmitter

n-bits DAC HPABPFDSP

TX module

(b) Digital RF transmitter

Figure 1.5: Concept of digital RF

To improve the sampling rate (speed) of DSP, digital RF transmitter using 1-bit BP-DS
modulator [12–16] has been proposed as shown in Figure 1.6.
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n-bits DAC HPABPFDSP

Digital RF transmitter using n-bits DAC：
low sampling rate: fsn)

Digital RF transmitter using 1-bit BP-DS modulator：

BPFDSP 1-bit DAC HPA

high sampling rate: fs1

0.5fsn

RF signal

Quantization 
noisePo

w
er

f

fs1=n×fsn

n: number of bits 

0.5fs1 

RF signal
Quantization 
noise

Po
w

er

f
1-bit BP-ΔΣ
Modulator

TX module

TX module

n times

BPF

BPF

Figure 1.6: Digital RF transmitter using 1-bit BP-DS modulator

Compared with n-bits DAC [17–20], 1-bit DAC can improve the sampling rate by n
times. Consequently, RF signal can be generated in higher frequency band. Moreover,
because of the noise shaping characteristics of DS modulation, high dynamic range can be
achieved. However, the maximum frequency of generated RF signal is half of sampling
rate because of the Nyquist limit.

To overcome this limit, the direct digital RF transmitter [21–24] using the high order
image component of 1-bit BP-DS modulated signal has been proposed. As it is known to
all, in 1-bit signal, the fundamental component is folded to high Nyquist zone by every half
of sampling rate. The folded components is known as image components. By using high
order (beyond 2nd) image components, the RF signal can be generated at frequency band
higher than sampling rate beyond Nyquist limit as shown in Figure 1.7. Since the upper
limit of sampling rate has been improved to 6 GHz thanks to the development of CMOS
technology [25], to generate RF signal at 20GHz-band, using high order (beyond 5th) image
components is necessary.
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Figure 1.7: Direct digital RF transmitter [25]
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The thorniest problem of direct digital RF transmitter is the attenuation of high order
image components. There are two reasons for the attenuation in digital and analog domain,
respectively, as shown in Figure 1.8. First, in digital domain, the high order image com-
ponents of 1-bit BP-DS modulated signal generated by DSP in NRZ code attenuate in Sinc
function [26,27]. For example, the 6th image components will suffer 20dB attenuation even
in the condition of ideal waveform. The other one is frequency characteristics of 1-bit DAC
which causes the degradation of rising/falling time of 1-bit signal. Consequently, the high
order image components will attenuate severely furthermore [28–31]. The solution to this
problem should also be addressed in both digital (signal generation) and analog (RF circuit)
domain.

0 1 2 3 4

Normalized Frequency

-60

-50

-40

-30

-20

-10

0

Po
w

er
 [d

B]

Ideal waveform
After DAC

BPFDSP+1-bit BP-ΔΣ
modulator HPA1-bit DAC1 bit

20dB
attenuation

further 
severe
attenuation

Figure 1.8: Problem of direct digital RF transmitter: attenuation of high order image com-
ponents

1.2.2 Endfire Antenna

First and foremost, it should be declared that, in this thesis, the broadside and endfire an-
tennas are classified by the beam direction to array antenna substrate

As shown in Figure 1.9, the beam generated by broadside antenna is vertical to the
antenna substrate so that the coaxial connector is necessary to connect the antennamodule to
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transmitter module [32–34]. In contrast to that, the beam generated by endfire antenna [35–
37] is horizontal to the antenna substrate so that the antenna module can be integrated with
transmitter module directly on the same substrate. Obviously, the endfire antenna is a better
choice for DBF transmitter.

送信モジュール
送信モジュール
送信モジュール

Antenna moduleTransmitter module coaxial 
connector

Beam

(a) Broadside antenna

送信モジュール
送信モジュール
送信モジュール

Antenna 
module

Module(Transmitter + Antenna)

Beam

(b) Endfire antenna

Figure 1.9: Antenna configuration

The problem of using endfire antenna is its backlobe. As shown in Figure 1.10 [7],
different from the broadside antenna, the backlobe power will be reflected by metal trans-
mitter module to frontward which influence the mainlobe. Using shield can improve this
phenomenon, but it will increase the complexity of transmitter which is not expected for
miniaturization of transmitter. As a result, a low-backlobe endfire array antenna is neces-
sary.
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MainlobeBacklobe

Radiation pattern

送信モジュール
送信モジュール
送信モジュール

Module(Transmitter + Antenna)

Shield

Figure 1.10: Problem of endfire: backlobe

1.3 Framework of Thesis

In this study, we propose an image enhancement technique usingManchester coding (digital
domain) and RF tripler (analog domain). In addition, a low backlobe endfire Vivaldi array
antenna whose front-to-back ratio (FBR) is beyond 20 dB to eliminate the backward leaked
power is discussed.

The thesis is organized as followed and shown in Figure 1.11 Chapter 1 is introduc-
tion, which describes the background of the research. The requirements and challenges of
5G/B5G communication are introduced in this chapter.

Chapter 2 emphasizes on the image enhancement technique using Manchester coding
in digital domain to improve the Sinc-function attenuation caused by NRZ coding. After
illustrating the concept and principles by theoretical calculation, simulation and measure-
ment are conducted to verify it. By setting the center frequency of 1-bit BP-DSM to quarter
of sampling frequency, both the simulated and measured results have a good agreement
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to theoretical calculation, which show that Manchester coding can improve the power of
high order image components of 1-bit BP-DS modulated signal in the specific (4n-1)th and
(4n-2)th Nyquist zone by 7.6 dB in digital domain compared to NRZ coding.

Chapter 3 emphasizes on the image enhancement technique using RF tripler in analog
domain to improve the attenuation caused by the frequency characteristics of 1-bit DAC.
Instead of using a high-speed 1-bit DAC based on inverter, RF tripler is proposed to regen-
erate the high order image components of 1-bit BP-DS modulated signal by its nonlinearity.
1-bit BP-DS modulated data in NRZ and Manchester code is used in theoretical calculation
to verify the feasibility of the proposal. The simulation and measurement are also con-
ducted. From the simulated and measured results, the regeneration of high order image
components can be confirmed and the output power of regenerated 6th image components
by 1-bit BP-DS modulated signal in Manchester code is 13 dB higher than that in NRZ
code, which is in accord with theoretical calculation.

Chapter 4 introduces a low-backlobe endfire Vivaldi array antenna. The backlobe is
generated by the current on both edge sides. To reduce the current, slit is inserted on both
edge sides. After the reduction of current is confirmed by using single slit, two-slit con-
figuration is proposed to improve the FBR furthermore. In simulation, the FBR beyond 20
dB can be achieved both in antenna element and 4-element array antenna. In measurement,
by putting a copper taper behind the array antenna as a reflector, the radiation pattern of
mainlobe is almost invariant which means even if the backward leaked power is reflected,
the mainlobe is not influenced.

Chapter 5 evaluates the fabricated 20GHz-band DBF transmitter using the proposed
image enhancement technique and low-backlobe Vivaldi array antenna.

Chapter 6 is the conclusion.
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Subject1a: Image enhancement in digital 
domain

Solution: Image enhancement using 
Manchester coding (Chapter 2)

Subject1b: Image enhancement 
in analog domain

Solution: Image enhancement 
using RF tripler (Chapter 3)

Subject2: Elimination of the impact from transmitter module 
on antenna radiation pattern

Solution: low-backlobe Vivaldi array antenna (chapter4)

4-elemenet DBF transmitter

Digital RF Analog

Subject1: Image enhancement of 
direct digital RF transmitter

Antenna
module

Figure 1.11: Framework of Thesis

12



Chapter 2

Image Enhancement Technique Using
Manchester Coding in Digital Domain

In this chapter, instead of conventional NRZ coding, the Manchester coding is proposed
to enhance the image components at specific Nyquist zone. The Manchester coding [38]
can be easily implemented by using XOR gate on 1-bit data in NRZ code and synchronous
clock [39]. So there will not be much more burden on DSP, such as complexity, power
consumption and so on. It is proven by theoretical calculation, simulation and measurement
that compared with NRZ coding, the image components of 1-bit BP-DS modulated signal
at (4n-1)th and (4n-2)th Nyquist Zone can be enhanced by Manchester coding

2.1 NRZ and Manchester coding

The waveforms of NRZ and Manchester code are shown in Figure 2.1. Manchester code
is a line code in which the encoding of each data bit is either low then high, or high then
low, for equal time in one period. Manchester code can be easily implemented by using
XOR gate on NRZ and synchronous clock signal. Compared to NRZ and RZ [40] code, in
the Manchester code, the DC component is independent on 1-bit data and there is no clock
leakage.

13



NRZ Signal
Manchester

SignalCLK NRZ code

Manchester 
code

1-bit data

t

1 01 1 0 01 0

1 0 10

Figure 2.1: Waveforms of 1-bit data in NRZ and Manchester code

As shown in Figure 2.1, with a flip of waveform from low/high to high/low in one pe-
riod, it is not difficult to image intuitively that the signals near the odd multiple numbers
of sampling frequency are enhanced while signals away from the odd multiple numbers of
sampling frequency are suppressed. However, the principle of this enhancement by using
Manchester coding should be discussed more specificly by theoretical calculation, simula-
tion and measurement, which will be presented in following section.

2.2 Theoretical Calculation of Power Spectral Density

1-bit BP-DSmodulated signal can be regraded as a pseudo-random sequence so that its PSD
can be calculated by Equation 2.2.1.

PSD(f) = fsP (1− P )|G1(f)−G0(f)|2 (2.2.1)

fs is sampling frequency (data rate) of 1-bit signal. P is the probability of data ’0’. G1

and G0 are Fourier transform of g1 and g0, which are the waveforms of data ’1’ and ’0’,
respectively.

2.2.1 NRZ coding

The waveforms and their mathematical expressions of 1-bit BP-DS modulated signal in
NRZ code are shown in Figure 2.2.
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Figure 2.2: Waveforms and their mathematical expressions of 1-bit data in NRZ code

After calculation, the PSD of NRZ code can be expressed in Equation 2.2.2

PSD(f) = A2TsSinc2(πfTs) (2.2.2)

A is the amplitude of 1-bit BP-DSmodulated signal and Ts is period, which is the reciprocal
of the sampling frequency, fs. The calculation result is plotted in Figure 2.3 in the condition
that both A and Ts are normalized.
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Figure 2.3: PSD of NRZ code
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2.2.2 Manchester coding

The waveforms and their mathematical expressions of 1-bit BP-DS modulated signal in
Manchester code are shown in Figure 2.4.

Figure 2.4: Waveforms and their mathematical expressions of 1-bit data inManchester code

After calculation, the PSD of Manchester code can be expressed in Equation 2.2.3.
The calculation result is also plotted in Figure 2.5 in the condition that both A and Ts are
normalized.

PSD(f) = A2TsSinc2(πfTs/2)sin2(πfTs/2) (2.2.3)
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Figure 2.5: PSD of Manchester code
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2.2.3 Comparison between the calculation results of NRZ andManch-

ester code

The exact value of the enhancement on PSD in Manchester coding is given by Equa-
tion 2.2.4.

PSDMAN

PSDNRZ

(f) = tan2(πfTs/2) (2.2.4)

Let it be equal or larger than 1, which means the PSD of the Manchester code is higher than
NRZ, the results are shown in Equation 2.2.5 when the n represents all positive integers.

(4n− 1)
fs
2

≥ f ≥ (4n− 3)
fs
2

(2.2.5)

Since fs/2 is Nyquist frequency, from Equation 2.2.5, the high order image components of
1-bit BP-DS modulated signal at specific (4n − 1)th and (4n − 2)th Nyquist zone can be
enhanced by using Manchester coding, as shown in Figure 2.6.
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Figure 2.6: Comparison between the calculation results of PSD of NRZ and Manchester
code
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In this thesis, to ensure the ‘distance‘ between each image components on spectrum, the
center frequency of DS modulator is set to 0.25fs, quarter of sampling frequency. There-
fore, the image components are generated at (0.5n+0.25)fs, n represents the order of image
components. Put f=(0.5n+0.25)fs into the Equation 2.2.2, 2.2.3, 2.2.4. The output power of
fundamental and image components of 1-bit BP-DS modulated signal in NRZ and Manch-
ester code can be calculated. The calculated result of output power is shown in Figure 2.7.

As a result, the high order image components of 1-bit BP-DS modulated signal in
Manchester code at specific (4n−1)th and (4n−2)th Nyquist zone can be enhanced by 7.65
dB theoretically compared with that in NRZ code, as shown in Figure 2.7. This is consis-
tent with our intuition that the signals near the odd multiple numbers of sampling frequency
are enhanced while signals away from the odd multiple numbers of sampling frequency are
suppressed which is mentioned above.
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Figure 2.7: Comparison between the calculation results of output power of 1-bit data NRZ
and Manchester code

In this section, it is proven by theoretical calculation that the Manchester coding is
effective for image enhancement technique in digital domain.
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2.3 Evaluation of Image Enhancement Using Manchester

Coding

After theoretical calculation, both simulation and measurement are conducted to demon-
strate the proposed image enhancement technique using Manchester coding in digital do-
main in this section.

2.3.1 Simulation result

First, the simulation setup of MATLAB is shown in Figure 2.8. To be consistent with theo-
retical calculation in previous section, 4th order 1-bit BP-DS modulator in a sampling rate
of 8 Gbps is used, and the CW input signal is set at 2.01 GHz near 1/4 fs. The amplitude
is set to 1Vpp. After 1-bit BP-DS modulated data is generated, the NRZ and Manchester
encoder is used. To achieve the frequency characteristics, Fourier transform is conducted
to 1-bit BP-DS modulated signal in NRZ and Manchester code.

Figure 2.8: Simulation setup

The simulation results of spectrums of 1-bit BP-DSmodulated signal inNRZ andManch-
ester code are presented in Figure 2.9(a), (b), respectively. The simulated output powers of
fundamental and image components of 1-bit BP-DS modulated signal in NRZ and Manch-
ester code are picked up and plotted in Figure 2.10. The difference between the simulated
output powers of 1-bit BP-DSmodulated signal in NRZ andManchester code in calculation
and simulation is concluded in Table 2.1.
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(a) 1-bit BP-DS modulated signal in NRZ code
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(b) 1-bit BP-DS modulated signal in Manchester code

Figure 2.9: Simulation results of spectrums
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Figure 2.10: Simulated Output powers of fundamental and image components of 1-bit BP-
DS modulated signal in NRZ and Manchester code

From Figure 2.10, it can be confirmed that the high order image components of 1-bit
BP-DS modulated signal in Manchester code at specific (4n− 1)th and (4n− 2)th Nyquist
zone can be enhanced.

From Table 2.1, it can be confirmed that the enhancement by using Manchester code is
very close to theoretical calculation, which proves our proposed image enhancement tech-
nique using Manchester code in digital domain effective and feasible.
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Table 2.1: Difference value of simulated output power between NRZ and Manchester code.

Nyquist Zone
Difference value [dB]

Calculation Simulation

1 -7.65 -7.60

2 7.65 7.60

3 7.65 7.61

4 -7.65 -7.61

5 -7.65 -7.61

6 7.65 7.61

7 7.65 7.61
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2.3.2 Measurement result

To make a further confirmation of proposed image enhancement technique using Manch-
ester code in digital domain, the measurement is conducted as following. The measurement
setup is very simple, as shown in in Figure 2.11. After 1-bit digital data is generated by 1-bit
BP-DS modulator in MATLAB. The data is inputted into the PPG to generate 1-bit signal.
The sampling rate and amplitude are 8 Gps and 1Vpp, same as simulation. The spectrums
of 1-bit BP-DS modulated signal in NRZ, and Manchester code are measured by spectrum
analyzer with the RBW of 100 KHz.

MATLAB PPG SA

PPG-M8041A, Keysight
SA-FSU67, R&S

Figure 2.11: Measurement setup

The measured spectrums of 1-bit BP-DS modulator in NRZ and Manchester code are
shown in Figure 2.12 (a), (b), respectively. As well as the simulation results, the envelope
of measured spectrums of 1-bit BP-DS modulator in NRZ and Manchester code has a good
agreement with the calculation result of PSD which is shown in the Figure 2.6. As a result,
in the measurement, it can be confirmed that the high order image components of 1-bit BP-
DS modulated signal in Manchester code at specific (4n−1)th and (4n−2)th Nyquist zone
can be enhanced as well as in the simulation, which is a further proof of the proposed image
enhancement technique using Manchester code in digital domain.

As well as in the simulation, the measured output powers of fundamental and image
components of 1-bit BP-DS modulated signal in NRZ and Manchester code are picked up
and plotted in Figure 2.13. The difference between the measured output powers of 1-bit
BP-DS modulated signal in NRZ and Manchester code in calculation and simulation is
concluded in Table 2.2.
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(a) 1-bit BP-DS modulated signal in NRZ code
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(b) 1-bit BP-DS modulated signal in Manchester code

Figure 2.12: Measurement results of spectrums
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Figure 2.13: Measured Output powers of fundamental and image components of 1-bit BP-
DS modulated signal in NRZ and Manchester code

From Table 2.2, it can be confirmed that the enhancement by using Manchester code
is very close to theoretical calculation in low frequency, but, with the increasement of fre-
quency, the enhancement deviates from the results of theoretical calculation. The reason
for this phenomenon is the frequency response of PPG. In simulation, the ideal 1-bit DAC
(encoder) is used to generate ideal 1-bit signal with ideal rising/falling time. However, in
measurement, the 1-bit data is generated by PPG with blunt and unbalanced rising/falling
edge. As a result, the duty of 1-bit signal is nonideal and the clock leakage can be confirmed
in the Figure 2.12.
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Table 2.2: Difference value of measured output power between NRZ and Manchester code.

Nyquist Zone
Difference value [dB]

Calculation Measurement

1 -7.65 -7.57

2 7.65 7.70

3 7.65 7.83

4 -7.65 -8.02

5 -7.65 -6.88

6 7.65 7.49

7 7.65 8.06
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2.4 Summary

All calculated, simulated and measured output powers of fundamental and image compo-
nents of 1-bit BP-DSmodulated signal in NRZ andManchester code are concluded in Table
2.3. From Table 2.3, it is confirmed by theoretical calculation, simulation and measurement
that the high order image components of 1-bit BP-DS modulated signal in Manchester code
at specific (4n− 1)th and (4n− 2)th Nyquist zone can be enhanced. As mentioned above,
the simulation result has a good agreement to the calculation result even though the mea-
surement result deviates slightly from the calculation result in high frequency band because
of the frequency response of measurement device, PPG. Therefore, it is proven that the pro-
posed image enhancement technique usingManchester coding in digital domain is effective
and feasible. In addition, since our proposal is using Manchester coding in digital domain
and the Manchester coding can be easily implemented by XOR gate, the deviation in the
measurement is not so critical.

Table 2.3: Conclusion of output powers of 1-bit BP-DS modulated signal in NRZ and
Manchester code.

Nyquist Calculation Simulation Measurement

Zone NRZ MAN Diff. NRZ MAN Diff. NRZ MAN Diff.

[dBm] [dBm] [dB] [dBm] [dBm] [dB] [dBm] [dBm] [dB]

1 -0.91 -8.56 -7.65 -0.13 -7.73 -7.60 -0.02 -7.59 -7.57

2 -10.45 -2.8 7.65 -9.59 -1.99 7.60 -9.53 -1.83 7.70

3 -14.89 -7.24 7.65 -14.02 -6.41 7.61 -14.27 -6.44 7.83

4 -17.81 -25.46 -7.65 -16.84 -24.48 -7.61 -17.53 -25.55 -8.02

5 -20.00 -27.65 -7.65 -18.99 -26.60 -7.61 -21.39 -28.27 -6.88

6 -21.74 -14.09 7.65 -20.64 -13.03 7.61 -24.21 -16.72 7.49

7 -23.19 -15.54 7.65 -21.99 -14.38 7.61 -28.37 -20.31 8.06
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Chapter 3

Image Enhancement Technique Using
RF Tripler in Analog Domain

In previous chapter, an image enhancement technique using Manchester coding in digital
domain has been proposed and illustrated. However, as mentioned above, the attenuation of
high order image components is caused not only by NRZ coding scheme in digital domain
but also by the frequency characteristics of 1-bit DAC in analog domain. Even though the
high order image components of 1-bit BP-DS modulated signal are enhanced by 7.6 dB,
a severe attenuation beyond ten to dozens of decibels still will occur in analog domain.
Consequently, an image enhancement technique in analog domain is necessary as well. In
this chapter, to enhance or regenerate the high order image components of 1-bit BP-DS
modulated signal, an image enhancement technique using RF tripler in analog domain is
proposed to be implemented after 1-bit DAC. Compared to the conventional transmitter
using up-converter, it obvious that transmitter using RF tripler has a simpler architecture,
which is easier to implement in practical, so that the miniaturization of transmitter can be
achieved as well even in direct digital RF transmitter using the high order (5th or 6th) image
components of 1-bit BP-DS modulated signal. It is proven by theoretical calculation, sim-
ulation and measurement that the high order image components of 1-bit BP-DS modulated
signal in Manchester code can be regenerated by RF tripler with a good performance of
noise shaping.
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3.1 Principle of image enhancement technique using RF

tripler

In [41], it has been proven that 1-bit DAC based on inverter can enhance or regenerate
the high order image components of lowpass filtered 1-bit BP-DS modulated signal by
sharpening the rising/falling time of signal.

However, it is just phenomenon-based observation and can not explain the principle. To
illustrate the principle of image enhancement, the behaviour of 1-bit DAC based on inverter
should be modelized mathematically and specifically. Since it is a nonlinear device, its
output-input function in time domain can be simplified by (3.1.1).

y(t) =
+∞∑
i=0

ai ∗ xi(t) (3.1.1)

Obviously, the image components can only be regenerated or enhanced by its nonlinear
response. So the theoretical calculation of its nonlinear response when n is supposed to be
2 (doubler) and 3 (tripler) will be conducted in this section to explain the principle of image
enhancement.

As RF multiplier, a nonlinear device, the ideal output-input function in time domain can
be simplified by (3.1.2) [42–44].

y(t) = a ∗ xn(t). (3.1.2)

n is order of RF multiplier, supposed to be 2 and 3, in the calculation of RF douber and
tripler, respectively. Consequently, the input signal can only be consisted of the fundamental
and low order image components since the high order image components of 1-bit BP-DS
modulated signal, whose frequency is higher than bitrate, attenuate severely because of the
frequency characteristics of 1-bit DAC.

As image enhancement technique using Manchester coding has been proposed in the
previous section, 1-bit BP-DSmodulated signal inManchester coding is used in calculation.
Since the Manchester coding was proposed to enhance the image components at specific
(4n-1)th and (4n-2)th Nyquist Zone, only the 1st and 2nd image components of 1-bit BP-DS
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modulated signal are regarded as input signal after suffering a severe attenuation from 1-bit
DAC. As a result, to simplify the calculation, it is supposed that a is normalized and input
signal x(t)=Acos(2πfRF t)+Bcos[2π(2fs − fRF )t] in CW condition while fRF = 0.75fs is
the frequency of RF signal and fs is datarate which is half of the bitrate. After the calcu-
lation, the output signals y(t) of RF doubler and tripler are shown in (3.1.3) and (3.1.4),
respectively.

3.1.1 Using RF doubler in the enhancement technique

ydoubler(t) = {Acos(2πfRF t) + Bcos[2π(2fs − fRF )t]}2

= 0.5A2cos(2π ∗ 2fRF t) + 0.5B2cos[2π(4fs − 2fRF )t]

+ABcos(2π ∗ 2fst) + ABcos[2π(2fs − 2fRF )t]

+0.5(A2 +B2)

(3.1.3)

Obviously, from (3.1.3), there is no fundamental or image components in the output signal
of RF doubler. So, theoretically, the RF doubler can not be used to enhance or regenerate
the high order image component.

3.1.2 Using RF tripler in the enhancement technique

ytripler(t) = {Acos(2πfRF t) + Bcos[2π(2fs − fRF )t]}3

= (0.75A3 + 1.5AB2)cos(2πfRF t)

+(0.75B3 + 1.5A2B)cos[2π(2fs − fRF )t]

+0.75A2Bcos[2π(2fs + fRF )t]

+0.75AB2cos[2π(4fs − fRF )t]

+0.25A3cos(2π ∗ 3fRF t)

+0.75A2Bcos[2π(2fs − 3fRF )t]

+0.75AB2cos[2π(4fs − 3fRF )t]

+0.25B3cos[2π(6fs − 3fRF )t]

(3.1.4)
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However, from (3.1.4), in the output signal of tripler, there are fundamental and im-
age components (fRF ) which are marked by solid line and third harmonic components
(3fRF )which are marked by dash line. Obviously, the third harmonic components are un-
desired interference signal. For the modulation signal, the bandwidth of third harmonic
components is three times wider than the fundamental and image components. Neverthe-
less, it still can be confirmed that the high order image components whose frequency is
beyond the bitrate are regenerated by RF tripler.

The theoretical calculation can be extended to higher order RF multiplier, such as RF
quadrupler, quintupler and so on. As a result, the high order image component of lowpass
filtered 1-bit BP-DS modulated signal can only be regenerated by odd-order RF multiplier
instead of even-order RF multiplier.

3.2 Theoretical calculation by using 1-bit BP-DS modu-

lated signal in both NRZ and Manchester code

Previously, the principle of image enhancement using RF tripler has been illustrated qualita-
tively. However, to verify it by the simulation and measurement, quantitative calculation is
necessary. The calculation result using RF tripler under the condition of NRZ and Manch-
ester code is shown as follows. Different from Manchester signal, the fundamental and 1st

componens of 1-bit BP-DS modulated signal in NRZ code is regarded as input signal be-
cause of the attenuation in Sinc function. Consequently, in the condition of NRZ code, the
input signal is supposed to be x(t)=Acos(2πfRF t)+Bcos[2π(fs−fRF )t] while fRF = 0.25fs

is the frequency of RF signal and fs is datarate which is equal to the bitrate.
The input signals of RF tripler in the condition of 1-bit BP-DS modulated signal in NRZ

and Manchester code are shown in Figure 3.1(a), (b), respectively. The amplitude of input
signals can be calculated by Equation 2.2.2 and 2.2.3 in previous section. After calculation
by y(t) = x3(t), the amplitude of output signals of RF tripler in the condition of 1-bit BP-DS
modulated signal in NRZ andManchester code are shown in Figure 3.2(a), (b), respectively.
The harmonic and regenerated image components are shown in red and blue, respectively.
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In NRZ code condition, since the frequency of input signal is lower than that in Manch-
ester code, only 2nd and 3rd order image components are regenerated. The regenerated
image components are overlapped by harmonic components, which will degrade SNR. As
introduced in chapter 1, because the upper limit of sampling frequency of DSP is about
6GHz, to generate RF signal at 20 GHz-band or above, it is necessary to utilize the high
order image components beyond 5th order. In contrast, with higher frequency of input sig-
nal in Manchester code, it is confirmed that 5th and 6th order image components of 1-bit
BP-DS modulated signal are regenerated, which meet the requirements described above.
Moreover, in Manchester code condition, the harmonic components are totally separated
from the regenerated image components, which improves the SNR. As a result, it is proven
that using RF tripler can regenerated the high order image components and a better per-
formance can be achieved by using Manchester coding additionally, compared with NRZ
coding.

In this section, the principle of image enhancement technique using RF tripler in analog
domain is illustrated first. With an ideal mathematical model of RF multiplier, it is con-
firmed that the high order image components of 1-bit BP-DS modulated signal can only
be regenerated by RF tripler or odd-order RF multiplier. With a detailed quantitative cal-
culation, the regenerated high order image components of 1-bit BP-DS modulated signal
in Manchester by using RF tripler has a better performance in higher frequency, compared
with that in NRZ code.

In addition, it must be noticed that the calculation is conducted using an ideal model,
y(t)=x3(t). Obviously, it has not taken the practical implementation into the consideration
which leads the limitation in practical. As shown in (3.1.4), the output power of RF tripler
will degrade/increase by 3 dB as the input power degrades/increases by 1 dB. But, actually,
in the practical implementation, as nonlinear RF device, the RF tripler is usually imple-
mented by transistors or diodes which are biased around the saturation or pinch-off region.
It limits the conversion gain. As a result, the output power is limited in practical implemen-
tation because of the device characteristics. However, even if there are some limitations
of the ideal calculation, the result of theoretical calculation can explain the principle of the
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proposed image enhancement technique using RF tripler qualitatively and has a good agree-
ment to simulation and measurement in CW condition which will be shown in the following
sections.
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Figure 3.1: Input signals of RF tripler
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Figure 3.2: Output signals of RF tripler
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3.3 Evaluation of image enhancement technique using RF

tripler

After theoretical calculation, for further demonstration of the proposed image enhancement
technique using RF tripler, both simulation and measurement are conducted in this section.

3.3.1 Simulation result

First, the RF signal whose frequency is 0.501 GHz is modulated to ideal 1-bit digital signal
in NRZ and Manchester code whose amplitude and datarate are 1Vpp and 2 Gbps, respec-
tively. The ideal Butterworth lowpass filter whose cutoff frequency is 3.5 GHz is applied to
imitate the frequency characteristics of 1-bit DAC, which is consistent with measurement
setup. The lowpass filtered 1-bit BP-DS modulated signals in both NRZ and Manchester
code are regarded as input signal of ideal RF tripler. The simulation setup is shown in
Figure 3.3.

Ideal 1-bit BP-DS
modulated data in 
NRZ/MAN code

LPF ideal tripler
Y=(X)3

Figure 3.3: Simulation setup

By comparing the spectrums of input and output signals of ideal RF tripler, it is able to
confirm if the high order image components can be regenerated.

The waveform and spectrum of ideal 1-bit BP-DS modulated signal in NRZ code is
shown in Figure 3.4(a), (b), respectively. The waveform and spectrum of ideal 1-bit BP-DS
modulated signal in Manchester code is shown in Figure 3.5(a), (b), respectively. With the
ideal rising/ falling edge, the high order image components can be generated and observed
with a good performance of noise shaping.

The simulated spectrums of input and output signals of ideal RF tripler using 1-bit BP-
DS modulated signal in NRZ and Manchester code are shown in Figure 3.6 and 3.7, re-
spectively.
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Figure 3.4: Simulation result of ideal 1-bit BP-DS modulated signal in NRZ code
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Figure 3.5: Simulation result of ideal 1-bit BP-DS modulated signal in Manchester code
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(a) Input spectrum of ideal RF tripler (b) Output spectrum of ideal RF tripler

Figure 3.6: Simulation result of image enhancement technique using RF tripler in NRZ
code condition

(a) Input spectrum of ideal RF tripler (b) Output spectrum of ideal RF tripler

Figure 3.7: Simulation result of image enhancement technique using RF tripler in Manch-
ester code condition
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Obviously, the high order image components of 1-bit BP-DS modulated signal in both
NRZ and Manchester code are regenerated or enhanced by RF tripler because of its non-
linearity. Meanwhile, the output power of regenerated high order image components in
Manchester code condition is much higher than that in NRZ code condition. To confirm
the noise shaping characteristics and output power of the regenerated high order image
components, the enlarged spectrums at 5.5 GHz and 6.5 GHz of 5th and 6th order image
components in NRZ and Manchester code condition are shown in Figure 3.8 and 3.9, re-
spectively.
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Figure 3.8: Enlarged spectrums of output signal of RF tripler in NRZ code condition in
simulation
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Figure 3.9: Enlarged spectrums of output signal of RF tripler in Manchester code condition
in simulation

From Figure 3.8 and 3.9, the high order image components of 1-bit BP-DS modulated
signal inManchester code are regenerated in beyond 10dB higher output power with a better
noise shaping characteristics than that in NRZ code. Since the simulation results show
a good agreement with the calculation result, it is proven that RF tripler can regenerate
the high order image components of 1-bit BP-DS modulated signal, which suffer a severe
attenuation because of the frequency characteristics of 1-bit DAC, and using Manchester
coding, which is proposed to enhance the image components in digital domain in previous
section, before RF tripler can improve the output power and noise shaping characteristics
of regenerated high order image components.

In addition, in the theoretical calculation, since only 1st and 2nd image components
of 1-bit BP-DS modulated signal in Manchester code is regarded as input signal, the har-
monic components, as unused signal, are separated. But, in the simulation, the fundamental
component is also part of input signal of RF tripler, so there are still some harmonic com-
ponents close to image components that can be confirmed. Meanwhile, it’s important that
the power of harmonic components is about 35 dB lower than that of regenerated image
components, which can prove our assumption and calculation reasonable in certain degree.
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It is predictable that in the condition of modulation wave, the adjacent channel leakage ra-
tio (ACLR) can be beyond 40 dB theoretically. The simulated output power of regenerated
image components in Manchester code condition is about 7 dB lower than the calculated
one. Maybe it is because the noise components have not been considered in calculation. In
the future work, noise components shall be modelized as well.

3.3.2 Measurement result

The measurement setup is shown in Figure 3.10. Instead of ideal LPF and Tripler using
in simulation, the practical LPF (VLFG3500+, Mini-circuit) whose cutoff frequency is 3.5
GHz and Tripler (ZX90-3-692-S +, Mini-circuit) whose input frequency is from 1.7 GHz to
2.3 GHz are used in measurement. Meanwhile, in measurement, waveforms are observed
by oscilloscope (M8020A, Keysight) and spectrums are obtained by FFT using MATLAB.
CW signal whose frequency is 0.501 GHz is used as original RF signal in measurement,
same as in simulation. The parameter of 1-bit BP-DS modulated data is same as simulation
as well, but generated by PPG (M18020A, Anritsu). The measurement results are presented
as following.

PPG LPF Tripler Oscilloscope

Figure 3.10: Measurement setup

Thewaveforms and spectrums of 1-bit BP-DSmodulated signal in NRZ andManchester
code are shown in Figure 3.11 and 3.12, respectively. Different from ideal 1-bit signal in
simulation, 1-bit signal is generated by PPG in measurement. Therefore, the rising/falling
edge is not ideal so that the high order image components of 1-bit BP-DS modulated signal
shall attenuate. However, since the maximum bitrate of PPG is 32 Gbps, much higher than
datarate, 2Gbps, the 5th and 6th order image components at 5.5 GHz and 6.5 GHz can be
still observed with high output power level.
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Figure 3.11: Measurement result of 1-bit BP-DS modulated signal in NRZ code
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Figure 3.12: Measurement result of 1-bit BP-DS modulated signal in Manchester code
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As mentioned in chapter1, the maximum sampling frequency of DSP is about 6 Gbps.
To imitate the frequency characteristics of 1-bit DAC in DSP, the LPF is inserted between
PPG andRF tripler inmeasurement, same as in simulation. The lowpass-filtered 1-bit signal
is regarded as input signal of RF tripler. From the measured output signal of RF tripler, it
can be confirmed if the high order image components of 1-bit BP-DS modulated signal can
be generated in measurement. The measured spectrums of input and output signals of ideal
RF tripler using 1-bit BP-DS modulated signal in NRZ and Manchester code are shown in
Figure 3.13 and 3.14, respectively.

As well as in simulation, the attenuated high order image components of 1-bit BP-DS
modulated signal in both NRZ and Manchester code can be regenerated by RF tripler in
measurement. From the Figure 3.14, the measured output power of regenerated high order
image components in Manchester code condition is much higher than that in NRZ code
condition. To confirm the noise shaping characteristics and output power of the regenerated
high order image components, the enlarged spectrums at 5.5 GHz and 6.5 GHz of 5th and 6th

order image components in NRZ and Manchester code condition are shown in Figure 3.15
and 3.16, respectively.
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(b) Output spectrum of ideal RF tripler

Figure 3.13: Measurement result of image enhancement technique using RF tripler in NRZ
code condition
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Figure 3.14: Measurement result of image enhancement technique using RF tripler in
Manchester code condition
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(b) Enlarged spectrum at 6.5 GHz

Figure 3.15: Enlarged spectrums of output signal of RF tripler in NRZ code condition in
measurement
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Figure 3.16: Enlarged spectrums of output signal of RF tripler inManchester code condition
in measurement
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From the enlarged spectrums shown in Figure 3.15 and 3.16, the output powers of re-
generated high order image components at 5.5 GHz and 6.5 GHz of 1-bit BP-DS modulated
signal in Manchester code are -22.4 dBm and -24.9 dBm, which are much higher and has a
better performance of noise shaping than that in NRZ code. Since the powers of harmonic
components in NRZ andManchester code condition are very close, consequently, the regen-
erated high order image components at 5.5 GHz and 6.5 GHz of 1-bit BP-DS modulated
signal in Manchester code have a better performance on SNR. The measurement results
using 1-bit BP-DS modulated signal in Manchester code have a good agreement with the
simulation, which prove the proposed image enhancement technique using RF tripler in
analog domain effective and feasible.

3.4 Summary

The simulated andmeasured output powers of the regenerated high order image components
of 1-bit BP-DS modulated signal in NRZ and Manchester code are concluded in Table 3.1.
From Table 3.1, it is confirmed by theoretical calculation, simulation and measurement that
the high order image components of 1-bit BP-DS modulated signal can be enhanced or
regenerated despite suffering a severe attenuation because of the frequency characteristics
of 1-bit DAC. Moreover, compared with the NRZ coding scheme, usingManchester coding
can improve the output power of regenerated high order image components of 1-bit BP-DS
modulated signal beyond 10 dB. Although there is some difference between the simulation
and measurement, which may be caused by nonideal measurement device, the simulation
and measurement results are still good evidence to prove the proposed image enhancement
technique using RF tripler in analog domain effective and feasible and make it convincible
that the high order image components can be regenerated by nonlinear device which is the
principle of this chapter.

Since the frequency is normalized in the theoretical calculation, the effectiveness of pro-
posed image enhancement technique using Manchester coding and RF tripler is irrelevant
to frequency, which means it should be effective in any frequency band as well.
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Table 3.1: Conclusion of output powers of 1-bit BP-DS modulated signal in NRZ and
Manchester code.

Order of regenerated Simulation Measurement

image NRZ MAN Diff. NRZ MAN Diff.

component [dBm] [dBm] [dB] [dBm] [dBm] [dB]

5th@5.5 GHz -36.1 -23.2 12.9 -29.9 -22.4 7.5

6th@6.5 GHz -40.8 -26.0 14.2 -37.8 -24.9 12.9
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Chapter 4

Low-Backlobe 4-Element Endfire
Vivaldi Array Antenna

First and foremost, in this thesis, the FBR is defined as the ration of the maximum gain
on mainlobe and backlobe (from 150◦ to 210◦). All antenna gain pattern in this chapter is
evaluated at 19.33 GHz.

As introduced in chapter 1, to simplify the implementation of DBF transmitter, a low-
backlobe endfire array antenna is necessary. In this chapter, a low-backlobe endfire Vivaldi
array antenna with two slits is proposed. With two slits on both left and right edges, the
FBR of Vivaldi antenna element is improved to 23.5 dB. 4-element Vivaldi array antenna
based on two-slit configuration has a good performance of FBR beyond 20 dB in simulation
as well. Although only front radiation pattern is measured because of the limitation of
measurement system, the measurement result has a good agreement with the simulation
result.

4.1 Conventional Vivaldi antenna

TSA is a configuration of planar endfire antenna that can generate beam horizontal to the
substrate and classified by the shape of taper [35]. Vivaldi antenna is one of TSA whose
taper is shaped by exponential function. Although the gain of Vivaldi antenna is relatively
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low, it has the advantage of beamwidth, bandwidth and sidelobe so that Vivaldi antenna is
chosen in this thesis. The design of conventional Vivaldi antenna is shown in Figure 4.1.

Substrate material: MEGATRO6
εr=3.6, tanδ=0.005 @13 GHz

0.336
0.1

port

(a) Sectional view (b) Top view

(c) Bottom view

Figure 4.1: Design of conventional Vivaldi antenna (Unit: mm)
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The simulation result of antenna gain pattern is shown in Figure 4.2.
In the simulation, themaximumgain and backlobe level of conventional Vivaldi antenna

are 4.9 dBi and -3.6 dBi, respectively, which means the F/B ratio is 8.5 dB and the leaked
power from backside of antenna can be reflected to the frontside by DBF transmitter module
in practical implementation.
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Figure 4.2: Simulated antenna gain pattern of conventional Vivaldi antenna
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4.2 Vivaldi antenna with single slit

The mechanism of backlobe has been described in [45]. As shown in Figure 4.3, the back-
lobe is generated by the current flowing on left and right edge sides. If the current flowing

Figure 4.3: Current distribution of conventional Vivaldi antenna

along edge side is regarded as a dipole antenna, its radiation pattern is shown in Figure 4.4.
With two currents flowing on left and right edge sides whose phase and amplitude are cor-
relative, the backlobe of Vivaldi antenna is generated.
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Figure 4.4: Radiation pattern of one-side current

In previous research [45], not only the mechanism of backlobe has been described,
but also one single slit is inserted to edge sides to improve the FBR by changing current
distribution. However, the position and length of slit has not been discussed.

In this section, a slit is inserted to edge sides to reduce the backlobe level and improve
the FBR. Meanwhile, how the position and length of the inserted slit influence the backlobe
level and gain will also be presented.

The layout of taper of Vivaldi antenna with single slit is shown in Figure 4.5. The feed
line configuration is same as the conventional Vivaldi antenna. The width of slit is set to 3
mm which is much shorter than the wavelength.

As shown in Figure 4.5, parameter X and Y represents the position and length of in-
serted slit, respectively. By changing the X and Y, the simulated gain the FBR are shown
in Figure 4.6(a), (b), respectively.

53



Figure 4.5: Layout of taper of Vivaldi antenna with single slit (Unit: mm)
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(a) Antenna gain (b) FBR

Figure 4.6: Simulation result of Vivaldi antenna with single slit

From Figure 4.6, it can be confirmed that, to achieve higher FBR, the position and length
of corrugated slit shall be set around 3-4 mm and 2-2.5 mm, respectively. The position of
single slit is around the middle of exponential taper where the current distribution is large
as shown in Figure 4.3 and the length of single slit is around quarter of wavelength in the
medium. The gain is almost unchanged. As a result, to achieve the best improvement on
FBR, the single slit shall be inserted in where the current distribution is maximum and the
length of single slit shall be set around quarter of wavelength to make open terminal on
edge sides. So the current on edge sides can be minimized furthest.

The current distribution of Vivaldi antenna with single slit is shown in Figure 4.7. From
Figure 4.7, it can be confirmed that the current on edge sides is reduced dramatically so that
the FBR is improved furthest.

The simulation result of antenna gain pattern and reflection coefficient (S11) of Vivaldi
antenna (X=4 mm, Y=2.5 mm) with single slit is shown in Figure 4.8 (a), (b), respectively.
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Figure 4.7: Current distribution of Vivaldi antenna with single slit
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Figure 4.8: Simulation result of Vivaldi antenna with single slit@X=4mm, Y=2.5mm

From Figure 4.8, it can be confirmed that the gain and backlobe level of Vivaldi antenna
with single slit is 5.2 dBi and -8.2 dBi which means the FBR is 13.4 dB. Compared to the
conventional Vivaldi antenna, the backlobe level decreased and FBR is improved. Around
20GHz band, the simulated S11 is below -10 dB.
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4.3 Vivaldi antenna with two slits

To improve the FBR further, obviously, it is not sufficient using only single slit. In previous
work [46–49], it has been demonstrated that using multiple inserted slit is a good method
to improve FBR. However, as mentioned in previous section, without the investigation on
the influence of position and length of inserted slit, a large number of slits is used.

In this section, Vivaldi antenna with two slits is proposed to improve FBR further, which
has a simpler structure. Its layout is shown in Figure 4.9. The position and length of two
slits is optimized by simulation and other parameters which are not shown are same as the
conventional Vivaldi antenna.

Figure 4.9: Layout of taper of Vivaldi antenna with two slit (Unit: mm)

58



The simulation result of antenna gain pattern and reflection coefficient (S11) of Vivaldi
antenna with two slits is shown in Figure 4.10(a), (b), respectively.
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Figure 4.10: Simulation result of Vivaldi antenna with two slits
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FromFigure 4.10, it can be confirmed that the gain and backlobe level of Vivaldi antenna
with two slits is 7.6 dBi and -15.9 dBi which means the FBR is 23.5 dB. Compared to
the Vivaldi antenna with single slit, FBR is improved further as expected. Take a further
observation on the position and length of two inserted slits, the length is almost same as
Vivaldi antenna with single slit and the position is symmetric by the position of single
slit which is the middle of the exponential taper. It is because of the symmetric current
distribution. Around 20GHz band, the simulated S11 is below -10 dB as well.

4.4 4-element Vivaldi array antenna based on two-slit con-

figuration

4.4.1 Simulation result

The layout of 4-element Vivaldi array antenna based on two-slit configuration is shown in
Figure 4.11, respectively.

Figure 4.11: Layout of Vivaldi array antenna

The simulation result of antenna gain pattern and reflection coefficient (S11) is shown
in Figure 4.12(a), (b), respectively.
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Figure 4.12: Simulation result of Vivaldi array antenna based on two-slit configuration
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It can be confirmed by simulation that the proposed Vivaldi array antenna has a good
performance of reflection coefficient at 20GHz-band and its gain and backlobe level is 10.5
dBi and -15.1 dBi, resulting in an FBR of 22.6 dB which is very close to the simulation
result of antenna element in the previous section.

Consequently, from the simulation result, the low-backlobe 4-element Vivaldi array
antenna can be implemented by the proposed two-slit configuration.

4.4.2 Measurement result

The photo of fabricated 4-element Vivaldi array antenna is shown in Figure 4.13

Figure 4.13: Photo of fabricated Vivaldi array antenna

The measurement result of reflection coefficient (S11) is shown in Figure 4.14. The
measured S11 of fabricated Vivaldi array antenna has a good performance of (S11), as same
as the simulation result.

The measurement result of antenna radiation pattern in inphase and quadrature phase
of fabricated 4-element Vivaldi array antenna is shown in Figure 4.15(a), (b), respectively.
As mentioned above, because of the limitation of measurement system, only front radiation
pattern is measured. Despite this, the measured front radiation pattern still has a good agree-
ment with simulation result. Therefore, the low-backlobe characteristics of the fabricated
Vivaldi array antenna is expectable.
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Figure 4.14: Measured S11 of fabricated Vivaldi array antenna
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Figure 4.15: Measured antenna radiation pattern of fabricated Vivaldi array antenna
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4.5 Summary

In this chapter, first, to reduce the backlobe, Vivaldi antenna with single slit is simulated
to investigate how the position and length of slit influence the backlobe. To improve the
FBR further, two-slit configuration is proposed to reduce the current distribution on the edge
sides which causes the high backlobe level. In simulation, it is proven that the proposed two-
slit configuration is effective for both element antenna and array antenna that can improve
the FBR to beyond 20 dB. To verify it, the 4-element Vivaldi array antenna based on two-
slit configuration is fabricated and measured. Even though only front radiation pattern is
measured because of the limitation of measurement system, the measurement result has a
good agreement with the simulation result, which makes low-backlobe characteristics of
the fabricated Vivaldi array antenna is expectable.
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Chapter 5

Evaluation of the 20GHz-band DBF
Transmitter Using Image Enhanced
1-Bit BP-DS Modulator

In this chapter, a 20GHz-band DBF transmitter using 1-bit BP-DS modulator implemented
by the proposed image enhancement technique (chapter 2 and chapter 3) and 4-element
low-backlobe Vivaldi array antenna is fabricated and evaluated (chapter 4).

5.1 Measurement result of the proposed image enhance-

ment technique usingManchester coding andRF tripler

at 20 GHz band

Since the frequency is normalized in the theoretical calculation, the effectiveness of pro-
posed image enhancement technique using Manchester coding and RF tripler is irrelevant
to frequency, which means it should be effective in any frequency band as well. To verify
it, first, a simple transmitter module without antenna is fabricated as shown in Figure 5.1.
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In OutTripler

Figure 5.1: Photo of fabricated transmitter module

Only RF tripler (CY3-223+, Mini-circuit) whose input frequency is from 3.3 GHz to
7.3 GHz is implemented on module. The measurement set up is shown in Figure 5.2.

PPG Tripler SA

Figure 5.2: Measurement setup

In measurement, as well as chapter 4, the CW signal whose frequency is 1.501 GHz
is modulated to 1-bit data by 1-bit BP-DS modulator whose sampling frequency is 6 GHz
in MATLAB. Then, PPG (M18020A, Anritsu) is used to generate 1-bit signal in NRZ and
Manchester code as the input of RF tripler. The amplitude is 1.3 Vpp, maximum value of
PPG. The output signal is measured by spectrum analyzer(FSU67, R&S).

The measured input and output spectrums in NRZ and Manchester code condition are
shown in Figure 5.3 and 5.4, respectively, with the RBW of 1 MHz.

At the first sight, it seems the 6th order image component at 7th Nyquist zone whose
frequency is 19.501 GHz attenuates as output of RF tripler. However, it is not true. As
mentioned above, the input frequency of RF tripler is from 3.3 GHz to 7.3 GHz. The 6th

order image component of 1-bit BP-DS modulated signal in Manchester code generated by
PPG will be reflected, which means it can not be regarded as input signal of RF tripler.
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(b) Output spectrum

Figure 5.3: Measurement result of RF tripler in NRZ code condition
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(b) Output spectrum

Figure 5.4: Measurement result of RF tripler in Manchester code condition
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To verify whether high order image component at 19.501GHz is generated byRF tripler,
the output amplitude of PPG is adjusted from 0.5 Vpp to 1.3 Vpp, step with 0.2 V. The output
power of high order image component at 19.501 GHz is measured by SA with the RBW of
10 KHz, shown in Figure 5.5.
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Figure 5.5: Output power vs. input voltage

From Figure 5.5, both the image and harmonic component of 1-bit BP-DS modulated
signal in NRZ and Manchester code increase 3 dB when the input voltage increases 1 dB,
which demonstrate that both the image and harmonic component are generated byRF tripler,
not PPG.

The enlarged output spectrums at 19.5GHz-band inNRZ andManchester code condition
when the output voltage of PPG is set to 1.3 Vpp are shown in Figure 5.6(a), (b), respectively,
with the RBW of 10 KHz.
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Figure 5.6: Enlarged output spectrums at 19.5GHz-band

In NRZ code condition, the output power of image and harmonic component are -43.7
dBm and -65.1 dBm, respectively.

In Manchester code condition, the output power of image and harmonic component
are -32.7 dBm and -59.6 dBm, respectively, which means it has higher power and SNR,
compared with NRZ code condition.

From the measured result, two significant findings described in chapter 2 and 3 have
been proved in 20GHz-band. One is that the nonlinearity of the RF tripler enables the regen-
eration of high order image components. The other is that the regenerated high order image
components exhibit superior performance in terms of output power and SNR in Manchester
code condition rather than in NRZ code condition.
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5.2 Evaluation of 4-element 20GHz-band DBF transmit-

ter

5.2.1 Transmitter configuration

The overall transmitter configuration is shown in Figure 5.7. The RF tripler and 4-element
Vivaldi array proposed in chapter 4 are integrated on one module. 1-bit BP-DS modulated
signal in Manchester code is generated by PPG as the input signal of the fabricated module.
The radiation pattern of proposed Vivaldi array antenna is measured in anechoic chamber.
Only the front radiation pattern is measured, by step of 5◦.

PPG
(DSP+XOR)

Tripler

Tripler

Tripler

Tripler

1-bit BP-DS modulated
signal in Manchester code

Integrated module

Figure 5.7: Overall transmitter configuration

5.2.2 Evaluation of element antenna

Before measuring the DBF transmitter, element antenna should be evaluated first. The
measurement setup for evaluation of element antenna is shown in Figure 5.9
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Figure 5.8: Measurement setup for evaluation of element antenna

The measured radiation pattern of element antenna is shown in Figure 5.9.
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Figure 5.9: Measured radiation pattern of element antenna
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Since the calibration of position and rotation of azimuth stage is conducted by man-
ual, there must be some error in the measurement. Besides the mechanical instability, as
mentioned above, the output power of RF tripler will increase/degrade by 3 dB as the input
power increases/degrade 1 dB. The ripple (error) of input power of RF tripler will be tripled
at output, which leads to the higher measurement error. Considering that, the measured ra-
diation pattern of element antenna has a agreement with the simulation.

5.2.3 Evaluation of 4-element 20GHz-band DBF transmitter

The measurement setup for evaluation of 4-element 20GHz-band DBF transmitter is shown
in Figure 5.10.

Integrated 
module

Figure 5.10: Measurement setup for evaluation of array antenna
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The measured radiation pattern of 4-element 20GHz-band DBF transmitter in inphase
and quadrature phase condition are shown in Figure 5.11(a), (b), (c), respectively.

As mentioned above in previous section, since all measurement of radiation pattern in
this chapter is conducted by manual in addition with the nonlinearity of RF tripler, it is
convincible that the measurement error is relatively large. Despite that, the beamforming
characteristics can still be confirmed in the measurement result.

75



0-10-20-30-40
90

60

30

0

330

300

270

(dB)

Angle(degree)

Antenna Radiation Pattern

Measurement

Simulation

(a) Inphase

0-10-20-30-40
90

60

30

0

330

300

270

(dB)

Angle(degree)

Antenna Radiation Pattern

Measurement

Simulation

(b) Quadrature phase (90◦)

0-10-20-30-40
90

60

30

0

330

300

270

(dB)

Angle(degree)

Antenna Radiation Pattern

Measurement

Simulation

(c) Quadrature phase (-90◦)

Figure 5.11: Measured radiation pattern of 4-element 20GHz-band DBF transmitter
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Chapter 6

Conclusions and Future Work

In this chapter, conclusion of this thesis will be presented followed by some proposals of
future works.

6.1 Conclusion of this thesis

Nowadays, in the era of 5G/B5G, DBF transmitter in high frequency band can generate
multiple beams simultaneously to realize the wireless communication in high speed and ca-
pacity. However, with the complex configuration, the miniaturization of transmitter module
is necessary for practical implementation.

In the previous research, direct digital RF transmitter consisting of 1-bit BP-DS modu-
lator using high order image components has been studied. Compared to the conventional
transmitter, it can generate RF signal beyond the Nyquist limit and realize the miniatur-
ization of transmitter by removing the mixer and LO so that it is applicable in the DBF
transmitter. However, with the upper limit of sampling frequency of DSP which is 6 GHz,
high attenuation for high order image components makes it difficult to generate RF signal in
SHF band. The high attenuation is caused by the conventional NRZ coding scheme (digital
domain) and the frequency characteristics of 1-bit DAC (analog domain).

To solve it, the image enhancement technique usingManchester coding (digital domain)
and RF tripler (analog domain) is proposed and illustrated in chapter 2 and 3, respectively.

77



Meanwhile, the endfire antenna which can generate the beam horizontal to the substrate
is preferable for its capability of integration with transmitter module. However, since its
backlobe power will be reflected by metal transmitter module to frontward which influence
the mainlobe, a shield is needed so that the complexity of transmitter is increased. It is not
expected for miniaturization of transmitter.

So in chapter 4, a low-backlobe endfire Vivaldi array antenna is proposed and fabricated.
In chapter 2, image enhancement technique using Manchester coding in digital domain

is described. It is confirmed by theoretical calculation, simulation and measurement that
the high order image components of 1-bit BP-DS modulated signal in Manchester code at
specific (4n − 1)th and (4n − 2)th Nyquist zone can be enhanced, compared with that in
NRZ code. In the condition that the center frequency of 1-bit BP-DS modulator is quarter
of sampling frequency, the improvement of the proposed image enhancement technique is
7.6 dB. The simulation result has a great agreement with calculation result, which proves
the proposed image enhancement technique using Manchester coding in digital domain ef-
fective and feasible.

In chapter 3, image enhancement technique using RF tripler in analog domain is de-
scribed. As mentioned above, the high order image components of 1-bit BP-DS modulated
signal suffer a severe attenuation because of the frequency characteristics of 1-bir DAC. It is
also confirmed by theoretical calculation, simulation and measurement that the attenuated
high order image components can be regenerated or enhanced by RF tripler. Moreover,
compared with the NRZ coding scheme, using Manchester coding can improve the output
power of regenerated high order image components of 1-bit BP-DS modulated signal be-
yond 10 dB. Although there is some difference between the simulation and measurement,
which may be caused by nonideal measurement device, the simulation and measurement
results are still good evidence to prove the proposed image enhancement technique using
RF tripler in analog domain effective and feasible and make it convincible that the high
order image components can be regenerated by nonlinear device.

Since the frequency is normalized in the theoretical calculation, the effectiveness of pro-
posed image enhancement technique using Manchester coding and RF tripler is irrelevant
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to frequency, which means it should be effective in any frequency band as well.
In chapter 4, first, to reduce the backlobe, Vivaldi antenna with single slit is simulated

to investigate how the position and length of slit influence the backlobe. To improve the
FBR further, two-slit configuration is proposed to reduce the current distribution on the edge
sides which causes the high backlobe level. In simulation, it is proven that the proposed two-
slit configuration is effective for both element antenna and array antenna that can improve
the FBR to beyond 20 dB. To verify it, the 4-element Vivaldi array antenna based on two-
slit configuration is fabricated and measured. Even though only front radiation pattern is
measured because of the limitation of measurement system, the measurement result has a
good agreement with the simulation result, which makes low-backlobe characteristics of
the fabricated Vivaldi array antenna is expectable.

In chapter 5, a 4-element 20GHz-band DBF transmitter using proposed image enhance-
ment technique (chapter 2 and 3) and Vivaldi array antenna (chapter 4) is fabricated and
evaluated. After it is confirmed that the RF tripler can regenerate the high order image
components, radiation pattern of element antenna integrated with tripler into one module
is measured. The measured radiation pattern has a agreement with simulation, considering
that the measurement error is relatively larger because of the full manual measurement and
RF tripler’s nonlinearity. At the end of this chapter, a 4-element 20GHz-band DBF trans-
mitter is evaluated. From its measured radiation pattern, the beamforming characteristics
can be confirmed

In this thesis, to realize the miniaturization of DBF transmitter, 20GHz-band DBF trans-
mitter using image enhanced 1-bit BP-DSmodulator is proposed and the required elemental
technologies of digital RF transmitter and antenna are developed and evaluated.
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6.2 Future works

6.2.1 Modeling the nonlinearity of RF tripler more specificly

To illustrate the principle, in chapter 3, only two-tone signal are regarded as input signal of
RF tripler. Although it can explain how the high order image components are regenerated,
it is still a rough calculation because the noise and other low order image components have
not been taken into the calculation, which leads to the difference between the calculation
and simulation. Moreover, the operation of RF tripler is modelized as y=x3 ideally with-
out considering the device characteristics in practical implementation, which leads to the
difference between the measurement and simulation.

Consequently, in future, not only the input signal but also the operation of RF tripler
shall be modelized more specificly.

6.2.2 Evaluation of DBF transmitter

Although the 4-element 20GHz-band DBF transmitter using proposed image enhancement
technique and Vivaldi array antenna has been evaluated in chapter 5, the measurement is
completely conducted by manual, so the measurement result must be rough with the mea-
surement error. The specialized jig and fixture may improve the measurement. Moreover,
only single beam characteristics has been evaluated in the chapter 5. Multibeam character-
istics of proposed 20GHz-band DBF transmitter should be evaluated in future as well.
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Appendix A

List of Abbreviations

ADS Advances Design System

ACLR Adjacent Channel Leakage Ratio

ABF Analog Beam Forming

AMP Amplifier

BB Base Band

BP-DS Band Pass Delta-Sigma

BP-DSM Band Pass Delta-Sigma Modulator

BPF Band Pass Filter

B5G Beyond 5G

CMOS Complementary Metal-Oxide-Semiconductor

CW Continuous Wave

DBF Digital Beam Forming

DAC Digital-to-Analog Converter
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DSP Digital Signal Processor

EHF Extremely High Frequency

FFT Fast Fourier Transform

FBR Front-to-Back Ratio

LO Local Oscillator

LPF Low Pass Filter

MOD Modulation

NRZ Non-Return-to-Zero

OSC Oscilloscope

PPG Pulse Pattern Generator

PSD Power Spectral Density

RBW Resolution Bandwidth

RF Radio Frequency

RZ Return-to-Zero

SHF Super High Frequency

SNR Signal-to-Noise Ratio

SA Spectrum Analyzer

TSA Tapered Slot Antenna

XOR Exclusive OR
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