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Highlights
* Performance of beamformers directly effect overall system performance.
 Multiple beam can be electronically directed at the same time in active phased array systems.
« In Active phased array systems, amplitude control of each antenna element can be done separately.
* True-time delay structures decrease gain losses due to beam squint.

Article Info Abstract

One of the most important Active Phased-Array networks is beamforming networks, which has
Received: 05/09/2018 electronically scanning feature. The performance of these networks directly effects the system’s
Accepted: 21/06/2019 performance. By this reason, the design of these structures requires a serious labor and experience

in order to design them in a simulation environment. In this paper, the design, implementation
and measurement tests of a Radio Frequency (RF) beamforming network, which is necessary for

Keywords active phased-array structures, are discussed. The performance of the designed beamforming card
Active phase-array is_ e_xamined with the measurements a_nd tests of gain, phase shifter, True Time Delay (TTD),
RF Beamforming digitally controlled attenuator, and input-output return loss. The measurement results are
Electronically Scanned compared with simulation for the designed beamforming card. Both measurement results and
True-time delay simulation were shown that the desired performance was provided for the designed beamforming

card; however, it is more convenient to feed each antenna element with a single-channeled
beamforming card. In this beamforming card, each channel’s phase and amplitude can be
controlled separately.

1. INTRODUCTION

In electronic warfare systems, a receiver structure is required to receive signal from threat and evaluate so
as to perform the self-protection and, counter measure functions, and a transmitter structure, to jamming
the threat. In order to perform these functions, receiver-transmitter structures need to have a beam, which
is directed towards the location of a threat at the convenient power. Rapidly directing a beam and satisfying
of a required power value are two important parameters for effective jamming. In order to create a beam
with the traditional methods, a large-sized and mechanically controlled antenna and a high-power RF
amplifier, to feed the antenna, are needed [1]. Because the beam direction can be mechanically controlled,
time period, required to create a beam, is at the level of milliseconds. Furthermore, only one beam can be
created at a time. The phased-array systems are developed to design structures, which can be created
multiple beams at the same time; and can be directed electronically faster; and are smaller in size [2-3].

The phased-array structures are divided under two groups as passive phased-array and active phased-array
ones, according to feeding level of the antenna elements (Figure 1). In the passive phased-array structures,
all antenna elements are fed by one RF amplifier for the transmission units, while they are fed by single-
channel in the receiver structures. In the active phased-array structures, the amplitude control of each
antenna element can be done separately. In order to feed this type of antenna, receiver and/or transmitter
modules with lower power, compared to the passive phased-array structures are used [4-6].
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In the phased-array structures, the beamforming is made in two ways as analog and digital. In the method
of analog beamforming; the beam is directed by adjusting the required phase with using phase shifters. If
instantaneous bandwidth is large for operating frequency band and the array is consisted of many units,
TTD structures can also be used to decrease the gain losses due to the beam squint [7-8].
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Figure 1. Passive-Active phased-array structures: LNA (Low Noise Amplifier), T/R (Transmitter/Receiver)
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Figure 2. A Comparison of phase shifter and TTD

Phase response of phase shifter and TTD are shown in Figure 2. Unlike the phase shifter, the TTD has a
negatively increasing phase performance. In figure t is time delay, f is frequency and ¢ is phase [9-14].

In the digital beamforming method, a beam is directed after information on phase and time difference,
which is required to direct the beam, is decreased to a level, which the analog-digital converter can process,
by being numerically adjusted. In the digital beamforming structures [15], because a beam is directed on
the basis of FPGA (Field Programmable Gate Array), it is an expensive method, compared to the analog
beamforming method.

2. MATERIAL AND METHODS
2.1. 2-4 GHz Transmission Unit’s Beamforming Structure

In this paper, an analog beamformer design is realized such that one single board could be configured to
work in transmit mode applicable for S-band (2-4GHz). The components are located on a printed circuit,
according to the optimum gain and noise figures. In order to decrease the cost of the card designed in this
study, a shared printed circuit design is made for the receiving and transmission structure. Therefore, the
printed circuit card is used in receiving and transmission units by changing the directions or by-passing the
components for two different configurations.
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In this study, an 8-channel beamforming card is designed and phase shifter and TTD structure, consisted of
3 cascaded stages, were used to direct the beam. Due to the size of the array and large instantaneous
bandwidth, TTD structures are also used in addition to the phase shifters. In order to reduce the amplitude
differences between the channels and decrease the level of the side lobes, digitally controlled attenuators
are used. The materials, used in the designed beam direction card and its features are given in Table 1.

Table 1. Beamformer Card Strip Analysis

Gain NF OP1dB
OP3I Amay Com Cum

S (B) (dB) (dBn Factor Gain(dB) NF(dB)
(dBm)
Arten 1 1 % % 1 10 10
SL 0 0 % % 05 04 10
GP211 119 % 1 30 20
Equiizer -1 1 99 99 1 60 30
HMC5%4 0 3520 34 1 40 65
Arten 1 1 9% % 1 30 65
HMC344 2 2 27 ® 1 10 71
TID 1 1 %% % 1 00 73
TID 1 1 99 % 1 10 75
HMC3H 2 2 271 ¥ 1 30 79
Arten 1 1 9 9 1 40 sl
HMC5%4 0 3520 34 1 60 89
Aren 1 1 99 % 1 50 90
HMC344 2 2 21 % 1 30 93
IID 1 1 9 % 1 20 94
TID 11 9% % 1 10 96
HMC3H 2 2 21 % 1 10 98
Arten 1 1 % % 1 20 100
SL 0 0 % % 05 50 100
GP211 1 1 98 98 1 60 100
Arten 1 1 99 % 1 70 100
HMC5%4 10 3520 34 1 30 102
HMC344 2 2 27 ® 1 10 104
1D 1 1 9% % 1 00 105
TID 1 1 9 % 1 10 106
HMC34 2 2 27 % 1 30 108
Arten 1 1 9% % 1 40 109
HMC504 10 3520 34 1 59 13
SL 0 0 %9 % 05 2 113
GP211 1 1 9% % 1 19 14
Arten 1 1 % % 1 09 14
HMC424 3 3 22 1 21 s
Arten 1 1 % % 1 31 17
LFCN3S00 05 0599 99 1 36 17
Arten 1 1 9% % 1 46 18
HMC504 10 3520 3 1 54 14
Arten 1 1 99 % 1 44 D4
MAPOIOIS! 4 4 25 45 1 04 15
Arten 1 1 9% % 1 06 D3
HMCS%4 10 3520 34 1 90 17
Arten 1 1 9% % 1 80 128
HMC232 15 1525 47 1 65 18
Arten 1 1 9% % 1 55 128

In Table I: NF = Noise Figure, OP1dB = Output 1dB Satumtion Roint, OP3]
= Output Third Order Intersect Point, Cum= Cunwlative SL =Splitting Loss,
Atten. = Atteration.

In this study, it was aimed that the VSWR (Voltage Standing Wave Ratio) value should be smaller than
1.9. In the measurements, RL (Return Loss) is measured instead of VSWR. VSWR return loss is given in
(1) [16-17]:

VSWR+1

RL = 2010g10 |m

| dB. (1)
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2.2. Card Performance - Measurement Results

A beamforming network, with 8 channels, was designed in AWR simulation environment. The
beamforming card block diagram, designed in this study, is shown in Figure 3. Due to many components
on the card, a short circuit which is possible to occur in the reflow process, affects the other channels.
Because every single channel combines through power divider structures, if RF performance of single
channel decreases, it affects the general performance of the card -since all channels are interacting.

The measurement results of the gain of each channel, are seen in Figure 4. There was found a difference of
1.5 dB between the simulation and measurement results. The gain of each channel was calculated as 11 dB
at the beginning and min. 8.1 dB at the end of the band from the simulation results. As from Figure 4 the
measured gain is 9.5 dB at the beginning and min. 7.1 dB at the end of the band for 8 channels.
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Figure 4. Gain measurements
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The differences between simulation results and measurements are related with the RF connector and DC
block capacitors that are not included in the simulation. On the other hand, the amplitude change between
the channels were measured as max. 1dB. This effect is caused from the tolerances of the elements used,
from the process of PCB production and from the soldering of the components.
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Figure 5. Input-Output return loss measurements

As it is seen in Figure 5, the return loss (input-output return losses) of input and output ports is measured
as better than 12 dB. The input and output return loss values (Figure 5) are less than -10 dB in simulation
and measurement results along the band. According to the measurement results, the input return loss value
is measured as less than -12 dB, while the output return loss value is measured as less than -13 dB for each
channel. The difference in the figure is due to increasing parasitic effects and material tolerances at high
frequencies. As the measured values are less than -10 dB for each channel, the maximum power transfer
and 50 Q line impedance across the card was satisfied.

It is seen in Figure 6 that 180 degrees bit of the performance of the designed card’s phase shifter has 15°
phase errors. These phase errors are consisted of the characteristics of the phase shifter. By examining
Figure 6 for the main bits of the phase shifter, the phase differences of 5.625, 11.25, 22.5, 45, 90 and 180
degrees were measured very close to the simulation results. The difference of 5 degrees between the
simulation and the measurement result at the 180 degrees phase which gives the highest phase difference
is within the material tolerances. When phase shifter measurements were taken, as the phase shifter used in
each channel is the same, only the measurements of the first channel were reflected on the figure.
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Figure 6. Phase shifter measurements
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The measurement results of the digitally controlled attenuator show that the maximum amplitude error in
the frequency band is 0.5 dB (Figure 7). If the measurements are examined, it can be seen that the digital
attenuator provides 0.5 dB, 1 dB, 2 dB, 4 dB and 8 dB attenuation values along the frequency band

(Figure 7).
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Figure 7. Attenuator measurements
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A 0.5 dB difference was observed between the simulation and measurement results from the manufacturing
tolerances of the digitally controlled attenuator. When the attenuator measurements were taken, as the
digital attenuator used in each channel is the same, only the measurements of the first channel were reflected

on the figure.

Figure 8 — Figure 10 show TTD measurements results, which are consisted of different stages, there is a

true time delay error of 30 ps.
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Figure 8. First stage TTD measurements
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Figure 9. Second stage TTD measurements
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Figure 10. Third stage TTD measurements
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When first stage TTD measurements are examined, the desired 100, 200, 300 ps time delay steps are highly
consistent with the simulation results with a maximum 10 ps time difference (Figure 8). The 100, 200, 400
ps time delay steps expected for each block according to the last stage TTD (composed of two cascaded
blocks) measurements overlap with a maximum of 15 ps difference compared to the simulated data (Figure
9 and Figure 10).

In a TTD structure consisting of three blocks in total, it is aimed to give time delay by connecting each
stage with a SPAT switch structure. In the case of zero time delay, which is the reference channel is
switched, the branches of the switches are connected directly to each other via the transmission line and
measurements are made with reference to this channel. In this case, the other branches of the switch with
different time delay material, must be that length of the reference branch, except for the total material used.

The main reasons for which some bits cannot give the expected delay precisely in measurements are
coupling effects due to the proximity of switch branches arising from the extension or shortening of certain
lines as well as the isolation of the SP4T switch when equal length lines are drawn due to the geometry of
the switch and TTD material.
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Figure 11. Phase difference between channels

When the phase difference between the channels are examined, it is expected that every channel will be
equal to each other according to the results of simulation. In Figurell, near-20-degree phase differences
have occurred at some channels at the end of the band. The phase differences between channels occurs
when some lines cannot be drawn in equal length with very small tolerances due to material geometry and
symmetry while the total line length of each channel is targeted to be equal to each other. In addition, when
RF connectors and other components are soldered to the board, excessive or little soldering caused by
improper contact of components with the card surface can directly affect phase difference.

3. RESULTS AND DISCUSSION

Phase array systems are preferred for military electronic warfare applications due to their advantages such
as multi beam generation, electronical beam steering, and speed beam switching and small size. Since the
beam is electronically directed in such systems, the beam steering structure is one of the most important
blocks of the system design. For phase array beam steering structures, analog, digital and photonic-based
beamforming approaches can be found in literature. Each approach has advantages and disadvantages for
performance, cost and labor parameters.

In this paper, an analog beamforming board which can be used in active phase array systems consisting of
8 channels operating in S-band has been designed, manufactured and tested. The design consists of three
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different blocks; phase and amplitude adjustment block, first stage and final stage TTD blocks. In the first
designed phase and amplitude adjustment block, there is found a digital phase shifter and a digital attenuator
for using each channel. The phase and amplitude required for beamforming can be set independently for
each channel by using this block. In the first stage TTD block, a switchable TTD structure is designed,
which can be set jointly for each pair of channels and gives a maximum time delay of 300 ps in total with
100 ps steps. In the final stage TTD block, a switchable TTD structure is designed with 2 cascade
connections, each with a time delay of 400 ps with 100 ps steps each. By using the final stage TTD block,
a maximum delay time of 800 ps can be set for common 4 channels. The design of the 8-channel analog
beamforming structure is completed by combining the beamforming card, designed in sub blocks, with the
two-way power divider. In addition to phase shifters, it is aimed to reduce the gain reductions due to beam
squint with the aid of TTDs added in sub-array design. In addition, with the help of the digital attenuators
in each channel, the antenna elements were fed with different amplitudes and the side lobe was suppressed.

The printed circuit board is designed and manufactured for the card design completed on AWR. In the
printed circuit design, it is aimed that each channel should have the same phase and the same amplitude by
connecting the RF transmission lines with equal lengths.
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