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Abstract. This article aims at the interference suppression problem of full-duplex
relay terminals in the telemetry, tracking and command (TT&C) network sys-
tem, analyzes the interference signal characteristics and the delay expansion of
the self-interference signal when the transmitting and receiving antenna arrays
are separated, and analyzes the interference in sub-arrays of different sizes. To
solve the signal delay expansion, a kind of interference suppression method is
proposed after the combination of array antenna reception beamforming. This
method expands the delay range according to the layout of the array and the delay
expansion of interference signals in sub-arrays of different sizes. All array ele-
ments are equivalent to one array element, which greatly reduces the complexity
of radio frequency suppression. Theoretical analysis and simulation experimental
results show that this method can effectively suppress interference signals. For the
scenario of 256 array element transmitting front and 256 array element receiving
front, the simulation compared the interference suppression performance under
different tap numbers. The simulation results show that using 16 taps can suppress
interference with a carrier frequency of 26.8 GHz and a bandwidth of 200 MHz.
The signal suppression capability is greater than 47 dB.

Keywords: Phased array · network measurement and control · relay terminal ·
full-duplex · radio frequency interference suppression

1 Introduction

With the rapid development of unmanned platform technologies, the number of large-
scale constellations, star clusters, and formations is constantly increasing, giving rise to
an urgent need for a pervasive and all-time TT&C communication network. As the sole
channel connectingground stationswith aircraft, theTT&Ccommunication systemplays
a pivotal role in transmitting flight instructions, equipment status, and reconnaissance
data. Its stability and reliability are crucial for maintaining the normal operation of the
entire network.
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However, under the conditions of large-scale and wide-area distribution, the vary-
ing distances and visible fields of view between aircraft result in significant dynamic
variations in wireless link attenuation, leading to high probabilities of measurement and
control interruptions and limited durations [1, 2]. To address this issue, the introduction
of relay nodes has proven to be an effective solution. By strategically positioning relay
nodes, it is possible to forward telemetry and telecommand information, maintain the
continuity of tracking and orbit measurement, and establish a distributed networking
TT&C communication system based on relay nodes, realizing all-time and pervasive
interconnectedness [3–7].

Existing unmanned platform networking TT&C systems typically employ
frequency-division duplexing (FDD) or time-division duplexing (TDD) for duplexing.
Nevertheless, these approaches are associatedwith complexities in frequency pairing and
limitations in channel capacity. In contrast, co-frequency co-time full-duplex (CCFD)
wireless communication technology enables concurrent transmission and reception on
the same frequency, facilitating more flexible spectrum allocation and usage, as well
as improved channel utilization efficiency and networking access timeliness. There-
fore, the application of CCFD technology in large-scale distributed networking TT&C
communication systems holds significant promise [9, 10].

The utilization of millimeter-wave signals, characterized by high frequencies, short
wavelengths, and miniaturized antenna sizes, has enabled the deployment of millimeter-
wavemulti-antenna systems on aircraft.While system energy consumptionmay increase
with the expansion of antenna arrays, the directional beamforming capabilities of multi-
ple antennas not only enhance transmission distances but also provide anti-interference
and low-intercept characteristics, thereby bolstering network reliability and security
[11]. Consequently, millimeter-wave multi-antenna CCFD technology is poised to
become a crucial technology for relay nodes in future distributed networking TT&C
communication systems.

However, multi-antenna co-frequency transceiver systems face more complex self-
interference issues. The self-interference generated by multiple transmit antennas cou-
ples and superimposes on the receive antennas [12, 13], potentially leading to saturation
and blocking of the receiver’s radio frequency (RF) front-end. Furthermore, the analog-
to-digital converter (ADC) after receive beamforming is more sensitive compared to
the low-noise amplifier (LNA), imposing stricter requirements on the dynamic range of
the received signal. This elevates the demand for self-interference suppression in array
antennas.

Existing self-interference suppression techniques primarily encompass spatial self-
interference suppression [14–21], digital self-interference suppression [22–24], and RF
self-interference suppression [25–27]. While these techniques have demonstrated a cer-
tain degree of effectiveness in mitigating self-interference, challenges remain. Partic-
ularly in phased array systems, the numerous transmit and receive antenna elements
give rise to a more intricate self-interference scenario, complicating the task of RF
interference suppression. Currently, there is a dearth of research on RF interference sup-
pression techniques specifically tailored for phased arrays, which poses a bottleneck for
the practical application of phased array full-duplex technology.
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To address this gap, this paper proposes an RF self-interference suppression method
tailored for phased array networking TT&C relay terminals. This method is primarily
applied after receive beamforming and before the signal enters the receiver’s mixing
stage. By suppressing the combined self-interference, it aims to prevent saturation of
the down-conversion channel and reduce the demand for dynamic range in the receiver
channel. Given the vast number of transmit and receive antennas and the varying spa-
tial positions of the array elements, the self-interference signal often contains multiple
strong direct paths. To address this, the proposed method leverages the concept of merg-
ing self-interferences with different delays within the relevant bandwidth into a single
interference. By appropriately grouping antennas with similar delay differences due to
their spatial positions and selecting an appropriate number of taps for suppression, the
method effectively mitigates self-interference.

2 System Model

2.1 Phased Array Network Measurement and Control Relay Terminal Usage
Scenarios

The usage scenario of the phased array network measurement and control relay terminal
is shown in Fig. 1. Network 1 and Network 2 are different communication networks at
the same operating frequency. Network 1 needs to exchange information with Network
2, due to the long distance between the networks, but direct communication cannot be
accomplished, so a relay terminal is required.

Fig. 1. Usage scenarios of phased array networking TT&C relay terminals

The phased array network measurement and control relay terminal uses the same
frequency as Network 1 and Network 2 to receive the information from Network 1 and
forward it to Network 2 to complete the relay function. At this time, the transmission and
reception of the phased array network measurement and control relay terminal work at
the same time, and the transmission and receptionwork at the same frequency. In order to
ensure the normal operation of the relay terminal, the transmitter coupling signal needs
to be suppressed at the receiving end.
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2.2 Phased Array Network Measurement and Control Relay Terminal System
Model

Figure 2 shows the structural block diagram of the phased array network measurement
and control terminal. After the signal transmitted from the remote end is received by the
receiving antenna, it is sent to the receiving link for processing and digital signal process-
ing. The processed digital signal passes through the transmitting link and the transmitting
antenna is sent out to complete the relay. In this system, the same frequency is used for
reception and transmission. The receiving antenna not only receives the small signal
from the remote end, but also receives the strong radio frequency signal transmitted and
forwarded by the terminal itself. The transmitted signal causes strong interference to the
received signal, so the receiver needs suppress the received self-interference signal, oth-
erwise the remote signal cannot be correctly demodulated. In order to reduce the impact
of co-channel interference on received signals, antenna isolation technology, digital
interference cancellation technology and radio frequency interference cancellation tech-
nology are usually used. This article studies radio frequency interference suppression
technology for phased array array antennas.

Fig. 2. Structure of phased array networking TT&C terminal architecture

2.3 Phased Array Self-interference Signal Model

For a transceiver antenna using a phased array ofP×Q array elements placed in the same
plane, the model is shown in Fig. 3. Suppose the (1,1) lattice element is the reference
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array element, establish a Cartesian coordinate system based on the reference array
element, dx is the horizontal spacing, dy is the vertical spacing, for any beam direction
(ϕ, θ), ϕ is the direction angle, θ is the pitch angle.

The spatial phase difference of other array elements relative to the (1,1) lattice
element is

�φi,k = 2π

λ

(
(i − 1)dx cosϕ cos θ + (k − 1)dy sin ϕ sin θ

)
(1)

Among them, λ is the signal wavelength, i = 1...P, k = 1...Q.
For the channel phase φi,k of any radiation array element, it can be expressed as:

φi,k = φ1,1 + �φi,k (2)

For the (i,k)th array element of the transmitting antenna, its radiation signal complex
radio frequency signal can be expressed as:

si,k(t) = √
px(t)ej2π fct + di,k(t) + ni,k(t) (3)

Among them, x(t) represents the equivalent baseband signal, E
(
x2

) = 1; fc is the
signal carrier frequency; di,k(t) represents the nonlinear component of the signal trans-
mitted by the (i, k)th array element; ni,k(t) represents the transmission noise of the (i,
k)th array element; p is transmit power.

Due to the large path loss of millimeter waves and the short distance between the
transmitting and receiving antennas, the self-interference signal caused by the multipath
effect is relatively small. The self-interference signal studied in this article is caused by
the direct path from the transmitting array element to the receiving array element.

For the receiving array, the self-interference signal received by the (i,k)th receiving
array element can be expressed as:

rs(t)m,n =
P∑

i=0

Q∑

k=0

(

lm,n
i,k si,k(t − dm,n

i,k

c
)

)

(4)

Among them, lm,n
i,k is the path loss factor from the (i,k)th transmitting array element to

the (m,n)th receiving array element; dm,n
i,k is the transmission from the (i,k)th transmitting

array element to the (m,n)th receiving array element. The distance, dm,n
i,k can be expressed

as:

dm,n
i,k =

√
[D + (P − m + i − 1)dx]2 + [

(k − n)dy
]2 (5)

Then the self-interference signal synthesized by receiving beamforming can be
expressed as:

rs(t) =
P∑

m=1

Q∑

n=1

P∑

i=1

Q∑

k=1

(

ωm,nl
m,n
i,k si,k(t − dm,n

i,k

c
)

)

+ nr(t) (6)

Among them, ωm,n is the receiving beamforming factor of the (m,n)th receiving
array element; nr(t) is the thermal noise of the receiving channel.
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Fig. 3. Phased array transceiver array model

It can be seen from the formula that the self-interference signal synthesized after
receiving is composed of P2Q2 signals with different amplitudes, delays and phases.
The combined self-interference signal has rich multipaths and high power, which affects
the dynamic range of the receiver and needs to be canceled in the radio frequency domain
so that the receiving channel can normally receive small signals from the far end [13].

2.4 Multi-antenna Self-interference RF Suppression

The radio frequency interference suppression architecture is shown in Fig. 4 [30]. Before
the transmit signal is sent to the terminal active phased antenna array, the coupling
part of the transmit signal is used as a reference signal for radio frequency interference
suppression. The reference signal is adjusted bymulti-tap phase amplitude with different
delays. Finally, they are combined together as a self-interference reconstructed signal.

The core content of radio frequency self-interference cancellation is radio frequency
self-interference reconstruction. To improve the radio frequency self-interference can-
cellation capability, it is necessary to optimize the channel response of the reconstructed
channel, so as to minimize the amplitude-frequency response of the equivalent chan-
nel response obtained by superimposing the received signal and the radio frequency
self-interference reconstructed signal. The basic parameters of radio frequency self-
interference reconstruction include the number of taps, delay, amplitude and phase. By
adjusting the parameter values, the construction of different reconstructed channels can
be achieved.
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Fig. 4. RF self-interference suppression model

In the radio frequency self-interference suppression model, the reference signal is:

sref (t) = √
pref x(t) + nref (t) (7)

Among them, nref (t) represents the thermal noise of the reference signal; pref is the
power of the reference signal. Then the signal output by self-interference reconstruction
is

sre(t) =
L∑

l=1

(
αl sref (t − τl)e

jϕl + nre,l(t)
)

(8)

Among them, L represents the number of taps of the reconstructed channel; αl is the
attenuation of the l th reconstructed tap; τl is the delay of the l th reconstructed tap; ϕl is
the phase of the l th reconstructed tap; nre,l(t) is the noise of the l th reconstructed tap.

Then the signal after cancellation is

rc(t) = rs(t) − sre(t)

=
P∑

m=1

Q∑

n=1

P∑

i=1

Q∑

k=1

(

ωm,nl
m,n
i,k si,k(t − dm,n

i,k

c
)

)

+ nr(t)

−
L∑

l=1

(
αl sref (t − τl)e

jϕl + nre,l(t)
)

(9)

It can be seen from the equation that it is difficult to complete the reconstruction
of the self-interference signal using one or a small number of reconstruction taps and
obtain better cancellation performance. If one reconstruction tap is used to correspond
to a self-interference signal of a specific amplitude and phase, P2Q2 reconstruction taps
need to be used. Although better RF cancellation performance can be obtained at this
time, the RF cancellation module will be bulky and the cost will increase. It has no
practical significance in engineering.
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Since the signal coupling between transceiver elements at different locations expe-
riences different delays in space, for the synthesized self-interference signal, the super-
position of several signal components with different delays will make the spectrum of
the broadband self-interference signal appear frequency selective., this phenomenon is
equivalent to the multipath effect. When the reciprocal of the maximum delay difference
between the transmitting and receiving array elements is much larger than the signal
bandwidth, signals with different delay components can be equivalent to one path.

According to the formula, combined with Fig. 3, in the planar array antenna model,
the transmission delay between the array elements in the same row as the P th column
of the transmitting array and the 1st column of the receiving array is the smallest, that
is, when m = P, i = 1, k = n, the minimum signal transmission delay is

τmin = D
/
c (10)

The transmission delay between diagonally diagonal elements of the transceiver
array is the largest, that is, when m = 1, i = P, k − n = Q − 1, the maximum signal
transmission delay is

τmax =
√
[D + (2P − 2)dx]2 + [

(Q − 1)dy
]2

/
c (11)

The maximum delay difference is

τd−max =
√
[D + (2P − 2)dx]2 + [

(Q − 1)dy
]2

/
c − D

/
c (12)

When 1/τd−max is much larger than the signal bandwidth, a path can be used to fit
the self-interference signal. However, in large-scale phased array antenna systems, the
RF cancellation performance of one tap is limited.

For a sub-array of sizePt×Qt in the transmitting array and a sub-array of sizePr×Qr

in the receiving array element, the minimum delay, maximum delay andmaximum delay
difference of signal transmission between the sub-arrays are respectively:

τ ′
min = [(P − Pt − i0 + m0 − 1)dx + D]

/
c (13)

τ ′
max =

√[
τ ′
min × c + (Pt + Pr − 2)dx

]2 + [
(k0 + Qt − n0 − 1)dy

]2
/

c (14)

τ ′
d−max = τ ′

max − τ ′
min (15)

Among them, (i0, k0) is the reference point of the transmitting sub-array, (m0, n0) is
the reference point of the receiving sub-array, and n0 ≤ k0; the reference array element
position and the sub-array scale satisfy the following constraint relationship:

i0 + Pt + 1 ≤ P,m0 + Pr + 1 ≤ P

k0 + Qt + 1 ≤ Q, n0 + Qr + 1 ≤ Q
(16)

According to this constraint relationship, it is easy to prove that τmin ≤ τ ′
min, τmax ≥

τ ′
max, then τ ′

d−max ≤ τd−max, that is, the delay expansion of any pair of sub-arrays is
smaller than the delay expansion of the entire array.
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It can be seen from the formula thatwhen the array element spacing is determined, the
maximum delay difference of the sub-array has nothing to do with the carrier frequency.
Therefore, multiple array elements with a similar distance can be regarded as an antenna
unit group. Since the array elements of each antenna unit group are relatively concen-
trated and the spatial distance difference between the transmitting and receiving array
elements is small, the self-interference signal between the transmitting and receiving
unit groups can be simplified as It consists of a signal with a delay component, as shown
in Fig. 5. The transmitting antenna is converted into PBtQBt transmitting sub-arrays, and
the receiving antenna is converted into PBrQBr receiving sub-arrays.

After regionalizing the antenna array, the formula can be rewritten as:

rc(t) = rs(t) − sre(t)

=
PBR∑

g=1

QBR∑

h=1

⎛

⎝
PBt∑

r=1

QBt∑

z=1

lg,h
r,z sr,z(t − τ

g,h
r,z )

⎞

⎠

−
L′∑

l=1

(
αl sref (t − τl)e

jϕl + nre,l(t)
)

+ nr(t) (17)

Among them, L′ represents the number of taps of the channel that needs to be
reconstructed after the array is regionalized; τ

g,h
r,z is the time delay for the signal to be

transmitted from the (r, z) th transmitting subarray to the (g, h) th receiving subarray;
lg,h
r,z is the transmission time from the (r, z) th transmitting subarray to the (g, h) th
receiving subarray. The complex gain factor of the array includes the channel response
between array elements and the shaping factor of the receiving array element.

It can be seen from the formula that after themodel is simplified, the self-interference
signal can be canceled by PBrQBrPBtQBt taps. The number of taps is far less than P2Q2,
which is easy to implement in engineering.

Fig. 5. Equivalent diagram of self-interference between subarrays
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3 Verification and Application of RF Self-Interference Cancellation

To verify the research in the previous section, a simulation scenario is set and the perfor-
mance of the phase control array self-interference and RF self-interference cancellation
are simulated. The specific parameter settings of the simulation scenario are shown in
Table 1.

Table 1. Simulation scenario parameters

Simulation parameters Parameter description

Carrier center frequency 26.8 GHz

Signal bandwidth 200 MHz

Transmitter and receiver array scale 16 × 16

Element spacing
Minimum spacing for transmitting and receiving elements
Single element transmission power
Equivalent full-body radiation power of the transmitting array

5.5 mm

180 mm
6 dBm
54 dBm

3.1 The Power Distribution of the Self-interference in the Phase Control Array

Modeling the self-interference channel, and the signal power distribution of the receiver
array is shown in Fig. 6 when the transmitting array sends.

Fig. 6. Power distribution of receiving array elements

Due to the symmetry relationship between the transmitting and receiving arrays, the
received power of each receiver element also has a symmetry relationship. At this point,
the received self-interference signals have relatively small power, and it will not cause
the front-end low-noise amplifier to saturate.

When keeping the received array beam direction as the normal direction, scan the
beam direction and azimuth for the transmitting array, and the power variation trend of
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Fig. 7. Self-interference signal power in different directions

the largest self-interference signal in the receiver array is shown in Fig. 7. The maximum
self-interference signal power in the receiver element is about −18 dBm.

3.2 Simulation of Frequency Self-interference Cancellation in Array Antennas

According to Eq. (17), divide the receiver and transmitter arrays into regions. Since the
time expansion of different receive and transmit sub-arrays is inconsistent, the receive
and transmit sub-array with the largest time expansion is selected as the reference sub-
array. The maximum time expansion in different sub-array division as shown in Table 2
can be observed. It can be seen that as the number of sub-arrays in the receiver and
transmit arrays increases, the time expansion between the receiver and transmit sub-
arrays becomes smaller.

Table 2. Delay extension under different region partitioning

Launch array segmentation Receive array segmentation Delay extension

1 × 1 1 × 1 0.582 ns

1 × 1 2 × 2 0.441 ns

1 × 1 4 × 4 0.369 ns

2 × 1 2 × 1 0.441 ns

2 × 1 2 × 2 0.440 ns

2 × 2 2 × 2 0.299 ns

4 × 4 4 × 4 0.139 ns
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Simulation Model
Figure 8 provides an ADS simulation block diagram for frequency independent inter-
ference cancellation based on the different sub-arrays of the transceiver array. The sim-
ulation network of the transceiver array simulates the self-interference channel of the
transmission antenna to the received antenna with 256 × 256 channels of delay, phase,
and attenuation. The signal reconstruction of the self-interference is simulated through
the adjustment of the time delay, amplitude, and phase of each tap, aiming to achieve the
minimum amplitude of the reconstructed self-interference signal. The number of tap, L,
determines the number of channels in the transceiver array.

Fig. 8. ADS simulation block diagram

The signal source modulation method is 16QAM, and the simulation is conducted
using the pulse-shaping method to optimize the frequency independent interference
cancellation performance. According to the actual usage parameters of the device, the
time interval of the tap is 10 ns, the phase shifter is 5.625°, and the attenuation factor is
0.5dB.

The transceiver array is simulated by replacing the transmit and receive arrays with
2 × 1, 2 × 1, and 2 × 2, respectively, and using 4, 8, and 16 taps to reconstruct the
interference signal. The simulation of frequency independent interference cancellation
performance is conducted.

The Simulation Results
In the direction of the line, the simulation results of the frequency independent interfer-
ence cancellation performance of the transceiver array with different tap numbers are
shown in Fig. 9, and the specific numerical results are presented in Table 3.

From the simulation results, it can be seen that as the number of tap in the transceiver
array increases and the number of tap for the reconstruction of the tap increases, the per-
formance of the self-interference cancellation gradually improves. When the 200 MHz
bandwidth self-interference signal is reconstructed using 4 taps, the self-interference
suppression ability is 21.5 dB; when the 200 MHz bandwidth self-interference signal
is reconstructed using 16 taps, the self-interference suppression ability is 47.4 dB. The
simulation results prove that the frequency independent self-interference cancellation
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Fig. 9. Self-interference suppression performance with different taps

method with subarray division and a large reduction in the number of tap for the recon-
struction of the tap can effectively suppress self-interference signals in the phase control
array system.

Table 3. RF self-interference cancellation results with different tap numbers

Tap numbers Offset before power Offset after power Quantum damping factor

4 −33.3 dBm −54.8 dBm 21.5 dB

8 −33.3 dBm −64.9 dBm 31.6 dB

16 −33.3 dBm −81.0 dBm 47.7 dB

Similarly, keeping the beam direction of the receiver array fixed in the direction of
the line, the beam scanning of the transceiver array is performed in the azimuth and
elevation directions. The simulation results of the frequency independent interference
cancellation performance of the transceiver array with different tap numbers are shown
in Fig. 10. The results show that when the transceiver array scans in the same beam
direction, the frequency independent interference cancellation ability of the transceiver
array with the same number of taps in the reconstruction of the interference signal is
similar.
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Fig. 10. Cancellation performance during transmitting beam scanning

Conclusion
In conclusion, this paper presents a comprehensive study on the self-interference issue in
distributed network communication systems, specifically focusing on millimeter-wave
large-scale array antenna scenarios. A simplified model for anti-self-interference sup-
pression in arrays was proposed and validated through simulations, demonstrating its
significant effectiveness in suppressing RF self-interference signals. Real-world testing
further corroborated these results, achieving a suppression performance of over 47 dB
under conditions of a 26.8 GHz central frequency and a 200MHz self-interference band-
width. This theoretical and experimental work establishes the foundation for frequency
self-interference cancellation in large-scale array antenna network scenarios, paving the
way for the application of concurrent frequency reception and transmission in future
distributed networked testing and control systems.
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