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[Summary] Growth of mobile traffic continues to increase due to the recent spread of smartphones and mobile 
UE as well as expanded capacity and faster speeds of wireless communications systems, resulting 
in routine congestion of frequency bands. To solve this issue, the Japanese Ministry of Internal 
Affairs and Communications (MIC) started R&D from 2005 into expansion of radio-wave resources 
to develop new frequency bands, promote joint frequency use, and improve frequency usage effi-
ciency. As part of this program, Anritsu Corporation started R&D for 4 years from 2019 into in-band 
full-duplex signal interference monitoring technology. This article outlines in-band full-duplex com-
munications and reports on a prototype of monitoring system for monitoring and analyzing inter-
ference data. 

      (1) 

1 Introduction 

With the introduction of fifth generation (5G) mobile sys-

tems, although use of the super-high frequency (SHF) band 

is starting, the required number of channels cannot be se-

cured and there are rather difficulties to find fundamental 

resolution for frequency band shortage. Additionally, alt-

hough various technologies, such as Multiple Input Multiple 

Output (MIMO) and Non-Orthogonal Multiple Access 

(NOMA), etc., are being researched and implemented to im-

prove frequency usage efficiency, still further increases in 

mobile traffic are forecast and more improvements to fre-

quency usage efficiency are expected. Research and develop-

ment into one candidate — in-band full-duplex (hereafter 

full-duplex) is progressing, and Anritsu is researching inter-

ference monitoring required to implement this full-duplex 

technology. 

Section 2 of this article describes full-duplex technology 

first, followed by section 3 outlining interference monitoring 

technology, and section 4 explaining the developed interfer-

ence monitoring equipment. 

2 In-band Full-Duplex 

Conventional mobile communications systems generally use 

either time division duplex technology (TDD) in which sending 

and receiving between base stations (hereafter BS) and user 

terminals (hereafter UE) is time divided, or frequency division 

duplex technology (FDD) in which communications are di-

vided by frequency. In the TDD technology with superior fre-

quency usage efficiency (Figure 1a) downlink (DL) sending 

from the BTS to the UE, and uplink (UL) sending from the UE 

to the BTS use the same frequency but are run pseudo simul-

taneous communications in time divided. In contrast, by using 

the full-duplex (Figure 1b) technology, multiple UE which are 

affected no interference run sending and receiving in the same 

time slot and same frequency simultaneously. 

Figure 1 Difference Between TDD and Full-Duplex 

Figure 2 shows an example of a full-duplex configuration 

single cell with one BS and two UE. Here the BS is simulta-

neously receiving a UL from UE#2 while sending a DL to 

UE#1. In this case, there is a risk of interference occurring 

between the UL from UE#2 to the BS and the DL from the 

BS to UE#1. One case of them is occurring it nearby the BS 

called self-interference (hereafter SI), and another case is oc-

curring it nearby UE#1 called inter-UE interference (hereaf-

ter IUI). SI can be suppressed with self-interference cancel-

lation function to be implemented in BS for removal of DL 

signal transmitted by BS own from received signal contain-

ing UL signal from UE. On the other hand, cancellation 

measures similar to those for BS are difficult to implement 

for IUI due to limited resources of UE, such as CPU power, 

memory amount, so-on. Consequently, the BS is to full-du-

plex communications with concerned UE limited only when 

the impact of IUI can be ignored. 
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Figure 2 Full-duplex Communications 

In the actual usage environment, there will be much more 

type of interference. Figure 3 shows the relationship between 

the mutual interference occurring between multiple adjacent 

cells. In the full-duplex cellular system, to cope with newly 

emerged interference (solid lines in Figure 3), signals are 

monitored and the degree of interference is analyzed to select 

a UE to apply full-duplex operation, as well as it suppresses 

suffered and emitting interference with control Tx timing 

and power according to the degree of interference. 

Figure 3 Full-Duplex Cellular System Interference Model 

3 Interference Monitoring Technology 

3.1 OFDMA Interference Monitoring Technology 

The Orthogonal Frequency Division Multiple Access 

(OFDMA) technology used by 5G supports communications 

by allocating frequency and time slots in resource block (RB) 

units to each UE. Since explicit information for identifying 

the signal source is not included in the signal itself, it is not 

easy to separate multiple mixed signals. Interference moni-

toring technology measures the wireless signals emitted into 

free space from the several UE indicated by the dashed lines 

in Figure 3 and uses the information contained in the mixed 

OFDMA signals to separate the signals, to estimate the arri-

val direction of each signal and to analyze interference con-

ditions. These functions are broadly divided into three. Fig-

ure 4 shows the structure. 

(1) Antenna System for Estimating Space–Time Arrival

Direction

Captures RF signals for monitoring difference be-

tween signal source physical position and transmis-

sion path due to use of multi-element antenna array.

(2) Multi-channel Receiver

Digitizes after down-converted multiple analog RF sig-

nals monitored by each element of antenna system and

converts to data for blind signal estimation processing.

(3) Algorithm for Estimating Blind Signals

Estimates arrival direction from multiple signal

sources using Blind Signal Separation method based

on solving mixed model inversion matter.

Figure 4 Interference Monitoring Function Configuration 

3.2 Blind Signal Estimation Algorithm 

We adopted algorithm based on Independent Component 

Analysis10) (ICA)-which is widely used to detect blind signals 

for separating mixed multiple signals. 

3.2.1 Signal Separation using FDICA 

With the ICA, mixed signal are separated into original in-

dependent elements based upon assumption of signal 

sources independency. This method uses the central limit 

theorem that a mixed signal composed of a mixture of multi-

ple signals approaches a Gaussian signal, but it obtains the 

estimated signal with minimum independence by minimiz-

ing the Gaussian characteristics of the mixed signal. Inci-

dentally, since an OFDMA signal is multiplexed orthogonally 
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in the frequency domain and is scattered in multiple carriers, 

its signal amplitude has a Gaussian distribution in the time 

domain due to the central limit theorem (Figure 5 (a)). As a 

result, since ICA cannot be applied as is to OFDMA signals, 

Frequency Domain ICA (FDICA)12), 13) is used to obtain ICA 

in the frequency domain (Figure 5 (b)). FDICA applies com-

plex-number ICA independently to each frequency bin of the 

monitored signal to estimate blind signals across all frequen-

cies by separation matrix for each frequency. With the con-

version to the frequency domain, the signal time transla-

tional would be expressed as phase drift to be possible to han-

dle delay waves in a multi-path environment together at the 

same time. This has the advantage of cutting the number of 

antennas in comparison to handling separately. 

InfoMax17) and FastICA18) are typical ICA methods. The 

former substitutes the issue of non-Gaussian maximization 

with the issue of maximization of the likelihood function and 

solves using the (natural) gradient method. The latter pre-

processes the signal to limit the range and fast optimization 

with fixpoint method. FastICA was chosen this time because 

it does not require learning rate settings unlike InfoMax us-

ing the gradient method. Use of ICA for complex signals re-

quires some precautions such as inputting the signal abso-

lute value19), 20) at the contrast factor measuring the non-

Gaussian characteristics of the separation signal to be not 

non-correlation between the real and imaginary parts. 

Figure 5 Frequency Distribution of Real and 

Imaginary Parts of OFDMA Signal 

3.2.2 Component Separation and Reconfiguration using 

Clustering 

FDICA is composed of Fourier transformation followed by 

two clustering stages to separate the components obtained 

by ICA. Clustering classifies the separation components for 

each signal source using some method in order to rebuild the 

signal sources using the separation components obtained by 

ICA for each frequency. 

There are several separation component clustering meth-

ods12), 13), 14), 15). To avoid making suppositions as far as possible 

here, we did not use the continuity12), 14) of the reference sig-

nal13) and the allocated signal frequency (sub-carrier) but in-

stead used a method15) focusing on arrival of the same signal 

components from the same direction. This article presupposes 

use of a multi-path environment and rather than using the 

angle of arrival (hereafter AoA) of signal components15) itself, 

instead used angular spectrum (hereafter beam pattern) of the 

direction of arrival (hereafter DoA) obtained using the beam-

forming method5). The MUltiple SIgnal Classification (MU-

SIC)11) method is a well-known as having a higher resolution 

than the beamforming method. However, because only single 

frequency components are obtained clearly in some frequency 

bins, the signals via multipath are completely correlated. Con-

sequently, subspace methods, such as MUSIC, cannot be used 

to create FDICA clustering elements. 

Signal beam patterns at the Rx side are obtained by apply-

ing the reverse projection method to the ICA results21) fol-

lowed by the beamforming method. The power in each arrival 

direction 𝜃 ∈ ሼെ90,െ89,… ,90ሽ is treated as a point within 

ℝଵ଼ଵ and clustering is performed. Typical candidate cluster-

ing methods are k means22), spectral clustering23), and hier-

archical clustering24) (especially, single consolidation method 

here). Under multi-path environment, the shape of the beam 

pattern graph is anisotropic. Since the k means method as-

sumes an isotropic cluster shape, we used the spectral clus-

tering and single linkage method that can be applied to any 

cluster shape. These methods perform clustering by treating 

the data as a graph. In other words, a graph is configured by 

applying beam pattern as the peak, and length of its inter-

peak and degree of similarity as the sides. The similarity 

choice is critical with this kind of clustering. From the clus-

tering viewpoint, it is better to use k-nearest neighbor graph 

made from the similarity of neighborhood points23) only in 

order to create a sparse graph. 

4 Equipment Outline 

We prototyped an equipment for purpose to study the in-

terference monitoring technology. Table 1 lists the required 

specifications and main functions. 

This prototype estimates the DoA using the interference 

monitoring process technology described in section 3.1 (1) to 
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(3) on OFDMA signals received by the antennas. The follow-

ing sections introduce each part. 

Table 1 Interference Monitoring Equipment Items  

and Required Specifications 

 

4.1 Antenna System 

We fabricated a sleeve antenna to estimate the arrival di-

rection for both high-SHF band (28.2 to 29.1 GHz) and Sub-

6 GHz band (3.75/4.65 GHz) signals. Figure 6 shows the ex-

ternal appearance and structure. In particular, this article 

introduces the high-SHF band array antenna. 

 
Figure 6 Antenna System 

Since it is difficult to fabricate a high-SHF band antenna 

with coaxial cable as done it for Sub-6 GHz antenna from the 

perspectives of processing accuracy and mass production, we 

used a double-sided PCB to create a coaxial antenna like a 

Sub-6 GHz antenna. Due to the high frequency band and 

long feeder, we chose the MEGTRON7, R-5785(N) (Pana-

sonic Industry) PCB material with low loss even at high fre-

quency bands (3.4 dielectric constant; 0.002 dielectric tan-

gent). Figure 7 shows the antenna configuration. In particu-

lar, to reduce reflections caused by a GND board for emitted 

waves, the antenna element feeder used a parallel flat line 

not requiring a GND board. The microstrip line on the left 

side of the PCB was converted to parallel flat line using a 

taper balun to connect to the sleeve antenna elements at the 

tip. Since the structure using both surface of the PCB causes 

tilt on the directivity of the perpendicular plane (E plane), 

metal pattern of the antenna is aggregated on the one side of 

the PCB, and used Via hole to connect to there. 

 
Figure 7 Two-Sided PC Board SHF-Band Sleeve Antenna 

Figure 8 (a) shows the measured S11 results of the fabri-

cated antenna. An S11 value of ≤−10 dB confirms sufficient 

antenna performance in the target 28.2 to 29.1 GHz fre-

quency band. Figures 8 (b) and (c) show the typical measured 

directivity at a center frequency of 28.65 GHz in the used 

frequency band. The directivity level is normalized by the 

maximum value of the main polarized wave. Although there 

is ripple in the vertical directivity, since the level of the in-

tersecting polarized waves is −15 dB at the same horizontal 

directivity, the fabricated antenna has sufficient perfor-

mance for estimating the arrival direction. 

Item Specification/Function 

Target Frequencies 
Sub-6 GHz band (3.7 GHz, 4.5 GHz) 
SHF band (>28 GHz) 

RBW 100 MHz 

Estimated DoA Error ±10° max 

Separated Signal Interfer-
ence Suppression Ratio 

10 dB max 

Front Pattern 

Back Pattern 

Figure 8 SHF-Band Sleeve Antenna Evaluation Results 

(a) S11 Frequency Characteriistics (b) Horizontal Plane Directivity
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4.2 Multi-channel Receiver 

The multi-channel receiver has an RF section to down-con-

vert a maximum of eight RF signal channels received by the 

array antenna to IF as well as a digital section to digitize 

these down-converted IF signals. 

The RF section is a down-converter for the 8ch high-SHF 

and Sub-6 GHz bands; it helps achieve high resolution per-

formance by using a low-phase-noise local signal. The input 

signal is an OFDMA QPSK/16QAM/64QAM/256QAM signal 

with a sub-carrier spacing of 30 to 120 kHz and a bandwidth 

of 100 MHz. The peak power is high compared to the average 

power and since the signal quality is degraded by non-line-

arity, the level diagram is created by taking this type of sig-

nal quality into consideration. The local signal source is de-

signed by considering the phase noise caused by the narrow 

sub-carrier spacing. Since this equipment processes signals 

to estimate arrival direction based on inter-channel carrier 

phase difference, the delay time and phase of each channel 

must be aligned. Consequently, each channel uses the same 

local signal and is designed same configuration with the 

equal length wiring; phase error due to individual differences 

is held to within ±20° in the Sub-6 GHz band and to within 

±90° in the high-SHF band. Software-based phase calibra-

tion is applied at the final stage. 

4.3 Interference Monitoring Equipment 

By integrating the antenna system (section 4.1) and the 

multichannel receiver (section 4.2) described above and in-

corporating the signal estimation algorithm (section 3.2), we 

prototyped an interference monitoring equipment that sup-

ports the high SHF band and the Sub-6 GHz band. Figure 9 

shows the block configuration and Figure 10 shows the ex-

ternal view. The configuration at high-SHF band measure-

ment uses the antenna shown in Figure 6 (a) connects dedi-

cated down-converter module to convert from the high-SHF 

band to IF. Similarly, the Sub-6 GHz band measurement uses 

the array antenna shown in Figure 6 (b) with down-converter 

in the RF section converting from the Sub-6 GHz band to IF. 

Table 3 lists the main specifications of the interference mon-

itoring equipment. 

 
Figure 9 Interference Monitoring Equipment Configuration 

 

 
Figure 10 External View of Interference Monitoring Equipment 

(Sub-6 GHz Band Measurement) 

 

5 System Evaluation and Experiment 

The prototyped error monitoring equipment was tested to 

evaluate the estimated DoA error and the Error Vector Mag-

nitude (EVM) of separated signals. 

Figure 11 shows the test antenna arrangement. The Rx ar-

ray antenna had a maximum of 8 antennas arranged at a 1/2 

wavelength interval. Each side had a dummy antenna termi-

nated at 50Ω. These dummy antennas equalized the inter-

connect effect between the Rx antenna elements to improve 

the average effect, resulting in a reduced estimated arrival 

direction error over a wider area. The two Tx antennas (TX#1 

and TX#2) were connected to the signal-source SG. 

As shown in Figure 11 (b), the TX#1 antenna measurement 

was fixed at −10° and +10°, while the TX#2 antenna meas-

urement was varied from −72° to +72°. Table 2 lists the main 

specifications of the Tx test signals. The Tx level was set so 

that the Tx level of TX#2 was −6 dB relative to TX#1. 
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Table 2 Live Tx Signal Test Items 

Item Sub-6 GHz Band SHF Band 

Center Frequency 3.75/4.65 GHz 28.25 GHz 

Bandwidth 100 MHz 

Sub-carrier Spacing 30 kHz 120 kHz 

No. of Slots 8 32 

Resource Blocks 173 66 

Encoding  QPSK 

Frequency Deviation 0 

Signal Sources 2 

No. of Rx Antennas 8 

No. of Carrier Paths 1 

Signal Tx Antenna 

3.3 to 4.9 GHz  
Standard Gain Horn 
Antenna (A-Info) 
Gain: 10 dBi 

WR-34 Pyramidal 
Horn Antenna 
(SAGE) 
Gain: 23 dBi 

 

5.1 Amplitude and Phase Calibration 

Since inter-channel amplitude and phase error have a 

large impact on the processing results, pre-measurement 

amplitude and phase calibration were used to minimize error 

factors. 

The amplitude and phase calibration positioned one Tx an-

tenna in the 0° direction as shown in Figure 11 (a) so the 

signal received at this time had equal amplitude and phase. 

 
Figure 11 Live Test Antenna Arrangement 

5.2 SHF-Band Live Test Results 

Figure 12 shows the high-SHF band (28.25 GHz) test re-

sults with the separated signal estimated arrival direction 

error and angle spectrum in Figures 12 (a) and 12 (b), respec-

tively. There were three test conditions: 1. Without calibra-

tion, 2. With only phase calibration, and 3. With both ampli-

tude and phase calibration. 

When performing both phase and amplitude calibration, 

the results were broadly similar and the estimated arrival 

direction error was less than 5° when the Tx antenna angle 

was varied between −72° and +72° and satisfied the target 

value of less than ±10°. In addition, error in the range be-

tween −48° and +54° was almost flat at 0°. On the other hand, 

without calibration, the error in the ±72° range was more 

than 5°. The ±10° target value was met at the Tx antenna 

angle range of ±54° indicating the noticeable impact of cali-

bration. Figures 12 (b) (2) phase calibration and (3) ampli-

tude calibration show that the side lobes are reduced more 

by amplitude calibration. 

 
Figure 12 SHF-Band Estimated DoA Error 

Figures 13 (a) and (b) show the EVM for TX#1 and TX#2 

after signal separation. While the Tx level difference is not 6 

dB, although there is no SNR limit, we think there is suffi-

cient signal separation of at least 30 dB. Since Rx power 

drops due to antenna directivity as the DoA increases, the 

TX#2 EVM shows a tendency to increase. Although the dis-

persion at each EVM measurement becomes larger due to 

Sub-6 GHz band EVM characteristics described later (Figure 

13), we think this is due to the large effect of phase noise in 

the high-SHF band. 

The EVM results after separation (Figure 13) are shown in 

the following three cases: 

1. When 8ch, 6ch, and 4ch received 

2. When weighting applied to each Rx antenna so angle res-

olution equivalent to 6ch when receiving 8ch 

3. When weighting applied so angle resolution equivalent to 

4ch when receiving 6ch 

Based on the waveform angle spectrum in Figure 13 (c), 

although weighting degrades the angular resolution, the side 

lobes are reduced. While this weighting processing restricts 

the angular range, it is effective in limiting the fake spec-

trum impact. 
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Figure 13 SHF-Band EVM Properties after Signal Separation 

5.3 Sub-6 GHz Band Live Test Results 

The test results for the high-SHF band (28.25 GHz) and 

the Sub-6 GHz (3.75 GHz) band in Figure 12 are shown in 

Figure 14. At every calibration condition, the estimated error 

was less than ±5° and satisfied the target error of ±10°. The 

characteristics were more or less flat in the ±54° range. 

Based on the angle spectrum in Figure 14 (b) (2) and (3), am-

plitude calibration was more effective at reducing sidelobes 

than only phase calibration. In comparison with the high 

SHF band results (Figure 12), the estimated error without 

calibration was smaller for the Sub-6 GHz band. This is 

thought to be because the inter-channel phase error is 

smaller because the frequency band is about 1/7 lower. In 

comparison with the angle spectrum in Figure 12 (b) (1) and 

Figure 14 (b) (1), although several ghost spectrum were ob-

served in the high-SHF band, the Sub-6 GHz side lobes were 

mismatched. 

 
Figure 14 Sub-6 GHz Band Estimated DoA Error 

Figures 15 (a) and (b) show the test results for the Sub-6 

GHz band EVM characteristics after signal separation and 

Figure 15 (c) shows the angle spectrum waveform. Since the 

TX#2 Rx power drops due to the effect of array antenna di-

rectivity as the AoA becomes large, the TX#2 EVM increases 

slightly. The EVM increase near the 0° AoA is due to the dif-

ficulty of separating two signal sources with a small angular 

difference. Since the angular resolution decreases when 

weighting is applied to 6ch and 4ch, the respective EVM val-

ues are slightly degraded. Despite the above-observed trend, 

the target standards were met and the signals can be sepa-

rated. 

 
Figure 15 Sub-6 GHz EVM Properties after Signal Separation 

 

6 Conclusion 

We prototyped and evaluated interference monitoring 

equipment for separating blind signals in two frequency 

bands: 1. the high-SHF band (28 GHz), and 2. the Sub-6 GHz 

band (3.7 and 4.5 GHz). Although there were some differ-

ences in the range of the estimated arrival direction angle, 

we confirmed that the interference data required to obtain 

the IUI could be measured. Although this work evaluated the 

system under only a limited range of conditions, including 

the communications environment and conditions, frame pat-

tern, etc., we obtained satisfied results to see possibility of 

using this interference monitoring method. 

Future research will target testing and evaluation in wider 

various environments and conditions with feedback of 
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results to improve measurement accuracy and processing 

speed intended at actual usage in a real communications en-

vironment. 
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Table 3 Main Interference Monitoring Equipment Specifications 

Item Specification 

RF Section 

 Sub-6 GHz Band SHF Band 

Frequency 
3.6 to 4.1 GHz 

4.4 to 4.9 GHz 
27.5 to 29.5 GHz 

Input Level −10 to −60 dBm (avg. power) 

IF Signal Output 369 ±100 MHz 

Intermodulation 
(IM3) 

<−60 dBc 

(IF signal avg. power: at −7 dBm) 

S/N Ratio 

>125 dBc/Hz >120 dBc/Hz 

(Ratio of signal average power to noise 

power per 1 Hz at min RF input aver-

age power of –40 dBm) 

Digital Section 

Sampling Frequency 983.04 MHz 

I/Q Signal Bandwidth 100 MHz 

DDC Output 245.76 M Sample/s 

ADC Resolution 14-bit 
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