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I.  INTRODUCTION 

Since in the recent past society has become even more and 
more interconnected, communication technology has turned into 
a matter of importance in our daily life either at home or when 
travelling. Mobile communications, social technologies and 
several other applications keep network connections in 
continuous growth. By this a huge amount of data is generated 
every day. Millimeter-wave (mmW) wireless systems are 
promising solutions for today’s huge traffic network demands 
because of their capability of high data rate communication. So 
far, several high speed mmW wireless communication system 
have been analyzed [1] and commercialized. However, most of 
those systems, although promising, are point-to-point (or 1:1) 
links, which means that a radio station can access only to single 
station and vice versa. Therefore new ways of exploring point-
to-multipoint (1:N) setups have to be developed. Simultaneous 
multi-user radio access at the same frequency increases the risk 
of interference between several users. Interference rejection 
requires complex digital signal processing or sophisticated 
analog techniques [2].  

Fig. 1. Setup for the 4 m point-to-multipoint 7-channel multi-carrier signal 
transmission. Frequency scanning antenna at the Tx-side and conical standard 
gain horn antenna at the Rx- side are used. 

In this paper, to the best of authors’ knowledge the very first 
point-to-multipoint frequency scanning high-speed data 
transmission for an E-band wireless link is demonstrated. The 
system is comprised of a 16-slot frequency scanning antenna, 
transmit-receive analog frontend E-band components and a IQ 
7-channel multi-carrier baseband digital signal implemented in 
Matlab©. The frequency scanning antenna is employed as a 
band-pass filter with each one of the seven channels being 
steered towards different angle of departure and the rest of them 
being suppressed (see Fig. 1).  

II. MMW MULTIUSER WIRELESS CONCEPT 

A. Frequency Scanning Antenna 

Frequency scanning antennas are a class of series-fed 
antenna arrays where beam steering is obtained by varying the 
frequency. To achieve this, the radiating elements are separated 
by half of the free space wavelength λ0 and connected by 
transmission lines with length l of integral multiple of the guided 
wavelength λG of the center frequency [3]. All elements radiate 
in phase and the antenna beam will be focused at broadside. For 
frequencies other than the center frequency this leads to a phase 
shift between the radiating elements resulting in the beam being  
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Abstract—An E-band point-to-multipoint wireless data trans-
mission adopting a spatial-frequency-scanning diversity concept 
is demonstrated. A 7-channel multi-carrier QPSK modulated 
signal is generated and transmitted on a link realized by a 
wideband Tx-Rx frontend in combination with a frequency 
scanning substrate-integrated slotted waveguide antenna. The 
antenna transmits each sub-carrier, i.e. channel, with a different 
angle of departure and with a gain variation in the range of 1.6 to 
10.5 dBi in the frequency range of 72.8 to 78.8 GHz.  The sub-
carrier frequency spacing of 1 GHz and modulation bandwidth 
of 100 and 200 MBd per channel are optimized for high 
unwanted channel leakage suppression according to the 
antenna’s radiation pattern. Data rates of 200 and 400 Mbps are 
transmitted at each of the 7 channels, which are received at 
different locations of a 4 m link with an angular spacing of 12.5 °. 
The error vector magnitude of the transmitted channel at each 
angle of departure is determined and analyzed, obtaining values 
in the range of 8.1 and 19.6 %. The power channel suppression 
for the unwanted channels transmitted at each angle of departure 
is measured with values from 5.3 to 30.1 dB.  

Keywords—millimeter-wave (mmW) wireless, point-to-multi-
point link, frequency scanning antenna, substrate-integrated 
waveguide (SIW), multi-user communication, angle of departure 
(AoD), n-channel multi-carrier signal,  
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Fig. 2. Top view of fabricated SIW 16-slot frequency scanning antenna. 

steered away from broadside direction. The sensitivity of 
steering over input frequency can be controlled by means of 
the transmission line length.  

In this paper the frequency scanning travelling wave antenna 
is realized using a substrate-integrated waveguide (SIW) with 
radiating longitudinal slots on Rogers 3003 substrate with a 
height of 250 µm. The center frequency is 77 GHz and the 
transmission lines between the radiating slots are made using a 
meander shape. The bending of the meander causes an additional 
180 ° phase shift [4], therefore length l results in odd multiples 
n of λG/2 and is chosen to be 4.5 λG. This leads to a steering 
sensitivity of 12.5 °/GHz. In order to realize high gain and a 
relative narrow beamwidth, 16 radiating elements are chosen. 
Sidelobe reduction is achieved by applying a 20 dB Dolph-
Chebyshev amplitude distribution resulting in different offsets 
of the slots from the center of the SIW [3]. As a load, a microstrip 
spiral absorber is used. The antenna is connected to WR12 
waveguide using a waveguide-to-SIW transition. The top side of 
the fabricated antenna is depicted in Fig. 2. 

The fabricated antenna is characterized in an anechoic 
chamber. Gain measurements are performed from 72.8 GHz to 
78.8 GHz comparing the antenna under test with a standard gain 
horn with 25 dBi gain. The resulting radiation patterns in the E-
plane are depicted in Fig. 3. By 7 GHz of bandwidth a steering 
range of 85 ° is covered. The gain depending on frequency is 
between 10.5 dBi and 1.6 dBi. The 3 dB beamwidth results in a 
maximum of 14 ° and minimum of 7 °. Performing a WR12 
waveguide TRL calibration the input reflection coefficient of the 
antenna with transition is measured and is below -10 dB over the 
used frequency range. The average sidelobe level is 
about -14 dB. Deteriorating sidelobe levels may be caused by 
reflections at the non-ideal load resulting in higher sidelobes at 
the inverse steering angle and by parasitic coupling through the 
via rows.  

B. Multi-Carrier Baseband Signal Generation 

The configuration used to set up the IQ 7-channel multi-
carrier digital signal is presented and explained in the following. 
The creation of the tested signal has been programmed in 
Matlab©. At the first stage are created seven uncorrelated bit 
streaming (hereinafter channels) - each of them from a 
pseudorandom binary sequence (PRBS); PRBS-15 is chosen for 
the purpose of the study. To neglect (minimize) possible 
nonlinearities (e.g. phase imbalance) created by the system low 
dense modulation quadrature phase-shift keying (QPSK) is used.  

Therefore pairs of two bits are mapped into one symbol. In 
order to avoid adjacent channel crosstalk, each IQ modulated 
channel is subsequently filtered by using raised-cosine pulse-
shape with a roll-off factor of 0.25. 

TABLE I.  RELATIONSHIP ANTENNA PATTERN AND CHANNELS
   

Fig. 3. Measured gain of frequency scanning antenna in the E-plane for 
frequencies between 72.8 and 78.8 GHz.  

 �� = (1 + �) ���� (1 ) 
 

Before applying the finite impulse response (FIR) filter, the 
input data is upsampled by a factor m in order to obtain the 
desired symbol rate per channel. According to Tab. I, the 
antenna perform its narrowest antenna beam bandwidth at -3 ° 
and 10 ° AoD all owing to transmit in its main beam a maximum 
bandwidth of 560 MHz (12.5 °/ GHz). Considering that, symbol 
rates of 100 and 200 MBd per channel with an absolute 
bandwidth of 125 and 250 MHz respectively (1) are chosen to 
benchmark the antenna’s performance. 

According to a Fourier Transform, the 7-channel multi-
carrier signal is generated as [5]:  

 �[�]������ = ∑ �[�]������
��

∓��������
���   (2 ) 

 

Where �[�]������
�  is the IQ modulated i-channel, N is the total 

number of channels and ���  the sub-carrier frequency of each 
channel. Here, N is equal to 7 and f�� takes values from -4 to 
2 GHz with steps of 1 GHz as is summarized in Tab. I, ending 
up with a total signal bandwidth of 7 GHz.  

 

C. Transmit-Receive Analog Frontend Components 

An all-electronic E-band analog transmit-receive frontend is 
used for demonstrating the concept. The RF frontend modules 
comprised direct conversion IQ up- and down-converters. The 
E-band LO signals of 76.8 GHz are provided from x8 frequency 
multiplier, driven by commercial synthesizers at 9.6 GHz. The 
link has 3 dB IF bandwidth of 12 GHz, which is enough for 

 

 

Channel Ch1 Ch2 Ch3 Ch4 Ch5 Ch6 Ch7 
AOD [°] -62 -40 -28 -15 -3 10 22 

Sub-carrier 
RF-Freq. 

[GHz] 
72.8 73.8 74.8 75.8 76.8 77.8 78.8 

Sub-carrier 
Baseband 

Freq. [GHz] 
-4 -3 -2 -1 0 1 2 

Gain [dBi] 10.3 10.5 10.5 9.6 7.6 4.3 1.6 
3 dB BW [°] 14 12 9 8 7 7 8 
Equivalent 

3dB BW 
[GHz] 

1.20 0.96 0.72 0.64 0.56 0.56 0.64 
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utilizing the full range of the spatial frequency scanning antenna 
as is described in Section II.B. More details about the RF-
frontend components can be found in [6] and [7]. 

III. MEASUREMENT SETUP 

The frequency scanning antenna is fed with the IQ 7-channel 
multi-carrier RF-signal and steers each sub-carrier into its 
respective direction (AoD) (see Fig. 1) according to the radiation 
pattern showed in Fig. 3 and listed in Tab. 1. Each one of the 
channels consists of a QPSK raised-cosine with a roll-off factor 
of 0.25 with symbol rates of 100 and 200 MBd and a frequency 
gap between sub-carriers of 1 GHz. The analog signal is 
generated using a Keysight M9502A arbitrary waveform 
generator (AWG) at a frequency sampling of 12 GS/s. At the 
transmitter the LO frequency of 76.8 GHz is generated from a 
commercial Agilent N5183B synthesizer at 9.6 GHz and a 
frequency multiplier-by-eight module; the same process is 
carried out at the receiver. In order to increase the RF-signal 
output power at the Tx a MPA with a 20 dB gain is used. In the 
interest of the subject of study in this experiment the input power 
at the Rx is kept constant to a value of -40 dBm [8] per each 
measurement (i.e. Rx position). Therefore due to the variable 
antenna gain described in Section II.A, a W-band variable 
attenuator is placed after the power amplifier at the Tx. By this 
the transmitted signal power is tuned in. 

The 1 GHz frequency gap between sub-carriers (or channels) 
corresponds to an angle of 12.5 ° separation. In favor of 
accomplishing a correct signal reception, the antenna main beam 
at the Rx-side must not to exceed the 3 dB beamwidth of 12.5 º. 
Otherwise unwanted channel transmission might be produced 
due to main lobe created by the adjacent channels. Taking this 
into account a high-directivity conical standard gain horn 
antenna with gain of 23 dBi and 3 dB beamwidth of 9 º is chosen.  

The RF-frontend modules along with the attached antennas 
are mounted onto adjustable tripods. Fig. 1 shows the 
configuration used. Rx-modules are moved over a 
circumference of radius 4 m (i.e. free space transmission 
distance between Tx- and Rx-antenna) for each angle of 
departure measured. In Tab. 1 the reception angles (i.e. AoD) 
formed between the Tx- and Rx-antennas on the azimuth plane 
in which the receiver is located are listed. They are used as 
reference to the fixed transmitter position, in order to obtain the 
desired RF sub-carrier signal (channel). 

In order to reduce baseband data IQ phase imbalance are 
utilized phase-matched RF cables in the whole setup. 
Additionally, at the receiver I and Q baseband signals are post-
amplified by two phase-matched IF amplifiers of 24 dB gain 
each. The I and Q channels are digital-to-analog converted by 
the Keysight DSO-Z 204A oscilloscope with a 20 GHz 
bandwidth and a sample rate of 80 GSa/s. The data is captured 
and recorded with a length of 250 µs. The stored data is analyzed 
in samples of 4096 symbols in digital offline processing using 
vector signal analyzer (VSA) software which, in turn, performs 
the carrier recovery. 

IV. MEASUREMENT RESULTS 

Two different experiments are carried out to prove the 
concept presented in this work. First, the error vector magnitude 
(EVM) is calculated for each received channel (i.e. the channel 

transmitted with regard to its AoD). Secondly, each channel with 
regard to its AoD creates a radiation pattern with sidelobes 
which might interfere in the main lobes of the rest of the 
channels. The power channel suppression between the wanted 
channel (main lobe) and rest of the unwanted channel (sidelobes) 
transmitted at each AoD is measured and analyzed.  

As is enounced previously, signal power at the Tx-side is 
kept constant equal to -40 dBm to equalize the variable antenna 
gain. Also, measurement regarding to AoD equal to   -62 degrees 
(i.e. Channel 1) is not taking part of this section due to its poor 
signal quality. 

A. Channel EVM  

In a first experiment, the EVM for each channel as a function 
of its respective AoD is measured. Results are plotted in Fig. 4 
for symbol rates of 100 (black solid line) and 200 MBd (red 
dashed line), achieving in the worst case 14.9 and 19.2 % 
(Channel 3) and the best case for 8.2 and 12.8 % (Channel 2) 
respectively.  

Two sources of signal degradation are observed. First, the 
antenna radiation pattern is frequency depending as it affects 
each channel differently as seen in Fig. 5. Secondly, as the 
symbol rate increases, so does the bandwidth of the signal, 
decreasing the SNR and thus increasing the EVM. Fig. 6 shows 
the constellation diagrams received in the best and worst 
channels for 100 and 200 MBd. Even in the worst-case scenario 
(on bottom right corner) the signal integrity in the channel is 
good enough for its full recovery.  

B. Channel Suppresion  

Ideally each channel is transmitted at its unique AoD (see 
Fig. 1 and Tab.1) and filtered at the rest. However, theory does 
not always match with the measurements. We therefore 
measured the power channel suppression between the wanted 
channel compared to each of the unwanted channels transmitted 
at each AoD (Fig. 6).  

We observed higher power channel suppression between 
wanted and unwanted channels allocated at lower frequencies 
(see Tab. 1). From these results it can be inferred that the 
radiation pattern of the frequency scanning antenna presents a 
higher sidelobe levels in the channels at higher frequencies,  

 

Fig. 4. Measured channel EVM versus angle of departure with regard to its 
channel.  

222



Fig. 5. Constellation diagrams of the  received channels for the best (left plots) 
and worst (right plots) signal quality in terms of the EVM at sample rates of 100 
(upper plots) and 200 MBd (lower plots). 

which in turn interferes on main lobes at each AoD. Besides, 
the channel closest to the LO frequency (Channel 5) has the 
lowest power channel suppression at each AoD due to nonlinear 
effects. 

V. CONCLUSION 

We have successfully performed the very first point-to-
multipoint E-band wireless link using a frequency scanning 
antenna and transmitting over a distance of 4 m an IQ 7-channel 
multi-carrier QPSK modulated signal at symbol rates of 100 and 
200 MBd per channel transmission. 

Promising results show an EVM better than 14 and 20 % at 
100 and 200 MBd per channel respectively. Also high power 
channel suppression in the range of 4 to 30 dB has been proved. 
Both analyses confirm the expected performance of the 
frequency scanning antenna as a band-pass filter. 

Further investigation of an optimized antenna design in order 
to decrease the sidelobe levels and therefore to increase the 
channel suppression is meant to be studied. Also, the impact of 
the system nonlinearities on the signal quality has to be taken 
into account. 
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Fig. 6. Measured power channel suppression of the unwanted channel (figure 
shapes in legend) compared to the wanted channel transmitted (upper x-axis) at 
100 (a) and 200 MBd (b) per channel at each AoD (bottom x-axis).   
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