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ABSTRACT This paper presents the design and implementation of an In-Band Full-Duplex (IBFD)
amplify and forward relay for wireless networks. First, we describe the system model of the full-duplex
relay (FDR), where the relay extends the range of the source node to reach a destination node located
outside the source’s radio coverage. We analyze the gain limitation of FDR under the stability and transmit
power constraints. Further, the operation of tandem FDRs, and their limitation factors are discussed. We
analyze the overall system performance as a function of relay location for constant gain and constant
transmit power operating modes. The optimal FDR gain maximizing end-to-end network performance is
computed. The full-duplex (FD) and half-duplex (HD) system performances are evaluated by simulation
and experiments for both outdoor and indoor environments. Experimental results show up to 23dB signal to
noise plus interference ratio (SINR) improvement in constant gain mode and up to 14dB SINR improvement
in constant transmit power mode. The measured network throughput of FD network shows up to 1.8 times
improvement compared to the HD counterpart. Finally, the optimal relay location is selected to maximize
SINR at the destination.
INDEX TERMS In-Band Full-Duplex, Self-Interference, Interference Suppression, Stability, Relay

I. INTRODUCTION

IRELESS network users are increasingly demanding
better coverage and higher data rates. One way to
address these issues is by using relays [1]. The addition of
a relay station (RS) to an existing network is a common
solution when wireless coverage extension is required in
the absence of a connection to the backbone network. Halfduplex (HD) relays employ two different frequencies, time
slots, or orthogonal spreading codes to prevent the transmitted signal from interfering with its own receiver. In contrast,
full-duplex relays (FDR) utilize wireless resources more
efficiently by transmitting and receiving simultaneously on
the same frequency band, creating the potential of doubling
the system throughput, when compared to their Half Duplex
(HD) counterparts [2], [3]. Although the FDR has higher
transmission efficiency, it suffers from Self Interference (SI),
since the transmitted signal by the FDR is received as an inband blocker by its own receiver. The SI signal results in

W

system instability, and poor signal to interference plus noise
ratio (SINR) for the signal that is intended to be relayed [4].
In order to use an FDR for higher efficiency, SI must be coherently canceled to provide sufficient SINR of the received
signal before amplifying and forwarding it. To achieve the
desired SI suppression, FDR relies on cancellation across
multiple domains (spatial, analog and digital cancellation)
[5], [6].
Numerous techniques are available for SI suppression,
including passive (e.g. antenna separation, directional antennas etc.) and active (analog and digital) cancellation [7],
[8]. Active cancellation (AC) is based on the knowledge of
the SI channel state information and can be performed in
both the analog and digital domain. In multi-relay networks,
the problem of interference can become more challenging,
because if all the nodes transmit simultaneously on the same
frequency, the receive nodes experience interference from
other transmit nodes in addition to SI [9], [10]. Therefore,
1

VOLUME 4, 2016

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.3021992, IEEE Access
Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

in this type of networks, the relay selection algorithms serve
as an additional mechanism of maximizing the end-to-end
SINR or the system throughput under power consumption
constraints [11]–[13]. Passive cancellation (PC) typically occurs in the propagation domain, where antenna structures can
be used to increase the SI suppression. Maximizing passive
cancellation is desirable as it reduces saturation and nonlinearity in the subsequent analog receiver circuits. The loopback interference of a full-duplex (FD) relay has been studied
in [14], where the relay is equipped with dual-polarized
antennas, intended for outdoor-to-indoor relaying. The isolation between transmit and receive paths for different antenna
configurations is evaluated experimentally. Implementation
of a low-complexity, full-duplex radio with a single antenna
has been proposed in [15], where a dual-polarized antenna is
designed, eliminating the need for circulator and achieving
60dB passive SI suppression. Self-interference cancellation
of a full-duplex relay is studied in [16], where the relay
is equipped with back-to-back transmit and receive antennas, which is capable of providing 2x2 MIMO operation.
Evaluation of SI suppression capability was carried out experimentally, in different real multi-path environments, both
indoor and outdoor. Combining this passive SI suppression
technique with active digital cancellation resulted in over
100dB SI suppression.
Several end-to-end full-duplex relay networks have been
implemented, and the performance of the overall system has
been experimentally evaluated. In [17], simultaneous bidirectional multi-hop relaying is studied, where a training strategy
is proposed to address loop-back interference cancellation
and power amplification challenges. Up to 3 bidirectional
relay network have been implemented using National Instruments NI-5791 software-defined radio platforms, where
noise propagation was studied and evaluated at the end
nodes. A decode and forward relay implementation using
GNURadio platform has been presented in [18]. The impact
of residual SI on the FDR performance is experimentally
investigated. Their result show 1.8 times network throughput
increase with respect to half-duplex relayed network.
In terms of MAC layer approaches, in [19], SI and intraflow interference (IFI) suppression technique of multi-hop
relay network is presented, using a proposed Media Access
Control (MAC) protocol, that supports the estimation of SI
and IFI channels. A network consisting of tandem relays
was simulated, and end-to-end throughput was presented as
a function of SI suppression level and number of relays in
the network. The authors experimentally verified the performance of the proposed MAC protocol and its cancellation
capability of SI and IFI.
Network parameters such as optimal power allocation and
relay location selection have been studied under different
constraints. In [20], power allocation and location selection
of decode and forward relay have been proposed, which minimizes outage probability. Simulation results show that the
proposed optimal power allocation scheme has lower outage
probability compared to equal power allocation, especially

when the SI level is high. In addition, it was shown that
placing FDR closer to the destination leads to better system
performance, in the cases when FDR has strong decoding
capability. Joint optimal power allocation and relay selection
have been studied in [21], maximizing system information
rate under limited transmit power constraint. Relay selection
based on the enhancement of network physical layer security has been analyzed by [22]. Two schemes of optimal
relay selection have been proposed, where the first scheme
maximizes the end-to-end security capacity, and the second
scheme maximizes the partial SINR at the relay station. The
secrecy outage probability as a function of selected relay
and average SINR was derived numerically and confirmed
by Monte Carlo simulation. Analysis of power allocation and
location optimization of full-duplex amplify-and-forward relay was presented by [23]. Allocation of source transmit
power level, and optimal relay location was derived that
maintains the quality of the received signal at the relay
system. The performance of a single relay system is evaluated
by simulation for three optimization schemes such as power
allocation, relay location and joint power allocation, and
location optimization.
While prior work in the field covers many theoretical
aspects of full duplex operation, a complete analysis and
experimental validation of an end-to-end full duplex relay
system in both indoor and outdoor settings is lacking. This
paper presents the end-to-end design, analysis, implementation and testing of a full-duplex relay system, in both indoor
and outdoor scenarios under two distinct practical scenarios,
namely, i) constant gain and ii) constant transmit power. The
contributions of the paper can be summarized as follows:
• Performance analysis and experimental validation of
an FD and HD relay network is presented. End-toend network performance is measured in outdoor and
indoor environments for constant gain as well as constant Tx power modes. A comparative study and performance insights for both systems are presented
• Effect of back to back patch antennas used in a tandem
FDR system is presented showing a reduction in interrelay interference (IRI).
• Network performance as a function of FDR location
is analyzed for the cases when FDR operates either in
constant gain or constant transmit power modes.
• The optimal FDR gain value is computed that maximizes the end-to-end SINR at a given FDR location.
• A network with single FDR as well as with two tandem
connected FDRs is simulated and end-to-end network
SINR as a function of relay location is plotted for constant gain and constant Tx power modes. The achieved
data rate for both modes is compared with their halfduplex counterparts.
• The impact of relay placement on destination SINR is
described analytically and verified experimentally.
The remainder of the paper is organized as follows. In
Section II, a network extended by FDR is described, and
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challenges are outlined. In Section III, the maximum gain
limits are derived under the stability, and maximum available
transmit power constraints. Section IV presents a tandem
FDR network highlighting the challenges and proposes a
modification to FDR, reducing the problem complexity. The
end-to-end network SINR analysis extended with a single
FDR is presented in Section V. The optimal FDR gain
value as a function of FDR location is computed in Section
VI. Performance results of the simulated and experimental
system under different channel conditions are presented and
compared in Section VII. Relay selection strategy maximizing destination SINR is discussed, and the paper is concluded
in Section VIII.
Notation: We use (∗) to denote convolution, (.)∗ to denote
conjugate, E[.] to denote expectation, and arg[.] to denote
argument of a complex number. Time domain variables are
represented as lowercase letters, while frequency domain
variables use uppercase. Furthermore, bold lowercase letters
indicate vectors.
II. SYSTEM MODEL

Figure 1 illustrates a network consisting of a transmitting
station, also referred to as source (S) node, and a receiving
station referred to as destination (D) node. For simplicity,
we will assume that the destination node is located outside
of the source coverage, and does not receive service. To
extend the coverage, an FDR is placed at the boundary of
the source’s cell. All the stations are assumed to be using
Orthogonal Frequency Division Multiplexing (OFDM), that
employs NF F T subcarriers with inter-carrier spacing ∆f =
fs
1
1
NF F T = NF F T Ts = Tsym . Ts is the sampling period,
fs is sampling frequency and Tsym is one OFDM symbol
duration.

FIGURE 1: Diagram of extended network by full duplex
relay.

A. RELAY STATION

The relay station is either classified to be Amplify and
Forward (AF) type or Decode and Forward (DF) type. AFFDR does not have a demodulation/decoding block in the
receive chain [24]. The relay station receives and transmits
packets on the same frequency and in the same time slot. The
signal that FDR is aiming to receive is the signal of interest
(SOI). The transmitted signal by RS is also received by its
own receiver, causing self-interference; thus the ith block of

the received signal by the relay station can be modeled as
rx
r
ri (n) = srx
i (n) + yi (n) + wi (n),

(1)

where srx (n) and y rx (n) are SOI and SI components of
the received signal. wr (n) is Additive White Gaussian Noise
(AWGN).
In general, SI power is orders of magnitude larger than
SOI, due to the fact that the distance between Tx and Rx
antennas of FDR is significantly smaller compared to the
distance between any transmitting node and FDR. In order
to successfully receive SOI and re-transmit it with high
gain, while maintaining stability, proper isolation is required
between Tx and Rx chains of FDR [25] [26], which is
difficult to achieve with passive SI suppression only. Active suppression relies on the accurate knowledge of the SI
component; hence we detail SI channel estimation impact on
active cancellation performed by FDR in Section III-B.
B. SIGNAL PROPAGATION MODEL

The model representing source to destination signal propagation channel is illustrated in Figure 2, which is used
for simulation purposes. The signal path from source to
destination is a chain of channels consisting of a source-relay,
relay-relay, and relay-destination subchannels.

FIGURE 2: Source to destination signal path model with
signal impairments.

• Source-Relay: Assuming perfect synchronization between the nodes, source to relay channel represents
the SOI propagation effects in the wireless channel denoted as H soi , which includes path loss and Rayleigh
fading effects.
• Relay-Relay: Ignoring the propagation delay between
Tx and Rx chains, relay to relay channel represents the
SI propagation effects in the wireless channel denoted
as H si . The SI channel, H si , is modeled to reflect
path loss and Rayleigh fading effects. In addition, it
assumes the use of passive self-interference suppression due to TX/RX antenna separation plus the use of
directional antennas. Finally, AWGN wr is added to
the composite signal r(n), which represents the overall
noise of the FDR receive chain.
• Relay-Destination: Forwarded signal towards destination passes through a channel H RD , which is modeled
to reflect path loss and Rayleigh fading effects. The
path loss factors of H soi and H RD are a function of
distance d1 and d − d1 respectively, hence increasing
one results in a decrease of the other. At the desti3
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nation, the overall noise of the received chain wd is
added, which is modeled as AWGN.
Assuming all the nodes are perfectly synchronized, the
received signal by the FDR in (1) can be rewritten in terms of
transmitted signals and corresponding channel response as
ri (n) =

stx
i (n)

∗

hsoi
i (n)

+

yitx (n)

∗

hsi
i (n)

+

wir (n),

(2)

where hsoi (n) and hsi (n) represent SOI and SI channels
responses respectively.
III. GAIN AND STABILITY ANALYSIS

The coverage of the extended network by the relay station
depends on the amplification gain of FDR. Amplification
gain itself is limited by the available power and stability of
FDR. Since AF-FDR transmits the amplified version of the
received signal after multiple SI cancellation mechanisms,
we will derive stability conditions for passive and active cancellation separately then experimentally confirm the derived
stability region.
A. PASSIVE SI CANCELLATION

Assuming that the relay amplifies the signal by a factor of
A, after passive cancellation, the transmitted ith block of the
signal from the relay can be expressed as
yitx (n) = Ari (n),

(3)

where A is the amplification gain and the delay in the
circuit elements is neglected. Substituting (3) into (1), the
transmitted signal frequency domain can be expressed as
Yitx (k) =

A(Sirx (k)
1−

+ Wir (k))
.
AHisi (k)

0 < k < NF F T − 1,

(4)

(5)

which ensures that the number of poles of A equal number
of anti-clockwise turns of the Nyquist contour of AH si
around the point 1. Selection of amplification gain value
for individual subcarrier is impractical, hence the subcarrier
experiencing the largest product of |AH si (k)| will be the
limiting factor of A. In order to maintain finite system
gain, the condition maxk [|AHisi (k)|] < 1 must be satisfied.
Therefore, for the case when the gain is a scalar, the stability
bounds on A are given as
0<A<

1
Hi,max

,

Solving the inequality in (7) results in FDR gain bound under
limited transmit power constraint expressed as
√
PT PSN − Hi,max PT
,
(8)
0≤A≤
2
PT
PSN − Hi,max
the detailed derivation of which is given in Appendix. To
keep the output of the FDR stable under limited transmit
power constraint, the FDR gain must be bounded by the
limits derived in (8), where the upper bound is a function
of SI suppression amount and received power.
B. ACTIVE SI CANCELLATION

Recall, that active cancellation relies on subtraction of known
transmitted SI from the signal being received. Assuming all
the nodes are perfectly synchronized, after digital cancellation, the ith block of the received signal gi (n) can be
expressed as
gi (n) = ri (n) − yitx (n) ∗ ĥsi
i (n) =
soi
tx
si
si
r
= stx
i (k) ∗ hi (n) + yi (n) ∗ [hi (n) − ĥi (n)] + wi (n).
(9)

where ĥsi (n) is SI channel estimate. After performing active
SI cancellation, the signal is amplified and transmitted to the
destination, thus the transmitted signal in frequency domain
is expressed as
Yitx (k) =

Equation (4) represents a positive feedback system, which
has to satisfy the Nyquist criterion for every subcarrier k, in
order to be stable. Proper selection of parameters A and H si
can lead to stability even in the presence of positive feedback
[26]. However, H si cannot be controlled since it depends on
the medium. Therefore, amplification gain A must be chosen
to satisfy the Nyquist stability criterion for every subcarrier
as
|AH si (k)| < 1 f or

where Hi,max = maxk [|Hisi (k)|]. In general, the available
transmit power of FDR PT is limited. Hence the average
power of transmitted signal Yitx should be bounded as


E |Yitx (k)|2 ≤ PT .
(7)

(6)

A(Sirx (k) + Wir (k))
,
1 − AEisi (k)

(10)

where Eisi (k) = Hisi (k) − Ĥisi (k) is the channel estimation
error at subcarrier k. By comparing (10) and (4), it is easy
to notice that the two expressions have a similar form. In the
case of active cancellation, the transmitted signal is a function
of SI channel estimation error as opposed to SI channel
magnitude. Therefore, in this case, the limiting factor of FDR
gain will be the subcarrier with the largest |AEi (k)| product.
In order to maintain a finite system gain |AEi (k)| < 1 for ∀k,
which implies that inequality maxk [|AEisi (k)|] < 1 must be
satisfied, resulting in
1
,
(11)
0<A<
Ei,max
where Ei,max = maxk [|Eisi (k)|].
In the case when the transmit power is limited, the average
transmit power in (10) must satisfy the inequality (7) from
which it follows that the gain must be bounded as
√
PT PSN − PT Ei,max
0≤A≤
.
(12)
2
PSN − PT Ei,max
Derived stability bounds are summarized in Table 1. From
the table it is clear that for the FDR with passive SI suppression, the gain is inversely proportional to the SI channel
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strength, while for the FDR with active SI suppression, the
gain is inversely proportional to the SI channel estimation
error. To increase radio coverage while keeping the system
stable, the gain can be increased until reaching the isolation
level. A slight increase of transmit power above the isolation
level will result in unstable behavior.
SIC

Unlimited Tx Power

Passive

0<A<

1
Hi,max

Active

0<A<

1
Ei,max

Limited
Tx Power
√
PT PSN −Hi,max PT
0<A<
P
−H 2
P
i,max T
√ SN
PT PSN −PT Ei,max
0<A<
2
PSN −PT E

i,max

(a) Front View

(b) Side View

TABLE 1: Full-duplex relay gain limits.
FIGURE 4: HFSS Model of Patch Antenna overlapped with
Radiation Pattern.
IV. SINR ANALYSIS FOR TANDEM FDR NETWORK

In this section, a tandem network consisting of L full-duplex
relays connected in series is studied. Each node is equipped
with a patch antenna rather than an omnidirectional antenna
since with an omnidirectional antenna, each relay, FDRl , will
have to cancel its own self-interference and interference from
the next relay, FDRl+1 , in order to extract the SOI from the
received signal. This requires estimation of hl+1,l in addition
to hl,l , substantially increasing the SI cancellation complexity. Furthermore, in a tandem network, omnidirectional
antennas waste energy by extending coverage in directions
that do not extend the network reach.
Figure 3 illustrates a tandem relay network equipped with
antenna patches radiating in opposite directions. Due to their
simple structure, patch antennas are a logical choice for
FDR networks since the inherent directivity reduces IRI and
increases isolation, consequently improving the coverage of
FDR by allowing higher gain when necessary power is available. Increasing SI suppression in the propagation domain is
preferred because it avoids saturation of Rx front-end.

FIGURE 3: Network diagram of tandem FDRs equipped with
patch antennas.
As the name suggests, a patch antenna is an electrically
conductive flat structure separated from a ground plane by a
dielectric substrate. In the antenna we designed, a rectangular
copper patch, mounted on an FR4 substrate with a ground
plane on the opposite side was used. The 3D model of the
patch antenna overlapped with a simulated radiation pattern
is shown in Figure 4. Modeling and simulations of the antenna are performed in High Frequency Structure Simulator
(HFSS) software [27], [28].
Notice that both simulated and measured radiation patterns
of the patch antenna are showing small back lobes (Figure

FIGURE 5: Measured Radiation Patterns of Fabricated Patch
Antenna. The patterns are measured by swiping angle θ ∈
[0◦ ; 360◦ ] for φ = 0◦ and φ = 90◦ .

4b and Figure 5). Since the distance between FDR’s TX and
Rx antennas is short, the residual SI still remains, which is
due to the backward radiation of the patch antenna as well
as the presence of nearby reflectors. However, considering
sufficient distance between two nodes, the IRI becomes increasingly weak. Therefore, the received signal by lth relay
is now reduced and can be expressed as
rl (n) = xl−1 (n)∗hl−1,l (n)+xl (n)∗hl,l (n)+wlr (n). (13)
Since (13) form is identical to received signal by single
FDR given in (2), the active SI cancellation can be carried
out as shown in (9). Hence, the amplified and re-transmitted
signal by lth relay can be written as
xl (n) = Al (xl−1 (n) ∗ hl−1,l (n) + wlsi (n) + wlr (n)), (14)
where wlsi (n) is the residual part of SI at FDRl after applying SI cancellation. To solve equation (14), we express the
transmitted signal xl (n) in terms of the originally transmitted
5
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signal by the source x0 (n). Transforming (14) into frequency
domain, a system of l equations can be constructed.
Xl (k) = Al (Xl−1 (k)Hl−1,l (k) + Wlsi (k) + Wlr (k)). (15)
The residual SI at FDR can be modeled as a Gaussian random
variable with zero mean and variance proportional to the
transmit power [29]. Therefore, to simplify the expression in
(15), the two noise terms can be combined into interference
plus noise terms as
Wl (k) = Wlsi (k) + Wlr (k).

(16)

As a result, the expression in (15) can be rewritten as
Xl (k) = Al (Xl−1 (k)Hl−1,l (k) + Wl (k)).

V. EFFECT OF RELAY LOCATION ON SINR ANALYSIS

As discussed in Section IV, the proposed back to back patch
antenna setup helped to gain SI and IRI suppression for FDR
systems, improving the SINR. However, relaying the signal
through a long multi-hop AF-FDR chain introduces latency
and degrades the SINR, as shown in (22). Therefore, relaying
the signal through the nearest neighbor may not be the best
choice and could lead to signal quality degradation at the
destination. Recall that AF-FDR does not improve the SINR
of the received signal by the relay, which means that poor
SINR somewhere in the chain will propagate all way to the
destination. To investigate the impact of FDR location on
signal quality at the destination, in this section, we consider
a single FDR equipped with patch antennas, as illustrated in
Figure 6.

(17)

Consequently, in a network consisting of L ≥ 2 FDRs
connected in series, the transmitted signal by lth FDR for
2 ≤ l ≤ L can be expressed as
Xl (k) = (X0 (k)H01 + W1 (k)) A1
Al Wl (k) +

l−1
X

Wm (k)A1
m=2

l
Y

Ai Hi−1,i (k)+

i=2
l
Y


Ai Hi−1,i (k) .

i=m+1

(18)
Denoting the product as
ζm =

l
Y

Ai Hi−1,i (k)

(19)

i=m

and substituting into expression (18), it can be rewritten as
Xl (k) =X0 (k)H01 A1 ζ2 + Al Wl (k) + W1 (k)A1 ζ2 +
+

FIGURE 6: Diagram of FDR equipped with patch antennas.

l−1
X


Wm (k)A1 ζm+1 .

(20)

m=2

From (17), the transmit SINR of the FDR1 can be expressed
as
E[|X0 (k)H01 (k)|2 ]
.
(21)
SINR1 =
E[|W1 (k)|2 ]
Meanwhile, the transmit SINR of FDRl for the case when
2 ≤ l ≤ L can be computed from (20) as
SINRl =
E[|X0 (k)H01 (k)|2 ]
h
i2 .
Pl−1 
ζm+1 
Al Wl (k)
2
+ m=2 Wm (k) ζ2
E[|W1 (k)| ] + E
ζ2
(22)
By comparing (22) with (21), it becomes clear that every
additional FDR degrades the SINR of the desired signal.

The transmitted signal from the source has power PT ,
which travels distance d1 , before reaching FDR, as illustrated
in Figure 6. Therefore, the received signal power by FDR can
be expressed using the simplified path loss model as [30]
 γ
d0
PRR = PT GA K
,
(23)
d1
where GA is combined antenna gain, d0 is the reference
distance, γ is the path loss exponent, and Pw1 is the AWGN
power at FDR. K is the path loss coefficient computed as
λ γ
K = [ 4πd
] , where λ is the wavelength. The received signal
0
by FDR is amplified by a gain factor of A, and re-transmitted.
Since the total power gain of the FDR is GR = A2 , the
transmitted signal by FDR will be
PRT = GR (PRR + E[|wsi (n)|2 ] + E[|wr (n)|2 ]).

(24)

For simplicity, we denote the residual SI (RSI) power plus
AWGN power as
Pw1 = E[|wsi (n)|2 ] + E[|wr (n)|2 ].

(25)

Therefore, the expression in (24) can be rewritten as
PRT = GR (PRR + Pw1 ).

(26)

A. FDR WITH CONSTANT GAIN

In this case, the gain factor is kept constant and does not
depend on the level of received power at the relay PRR

 γ

d0
PRT = GR PT GA K
+ Pw1 .
(27)
d1

6
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Since the distance between the source and destination nodes
is d, the signal transmitted by FDR travels distance d − d1 ;
thus the received signal power at the destination can be
computed as

γ
d0
+ Pw2 ,
(28)
PR = PRT GA K
d − d1
d

2

where Pw2 = E[|w (n)| ] is the noise power at destination.
Substituting (27) into (28), the received power at the destination can be expressed in terms of the transmitted signal by
the source node as
γ

d20
2
2
+
PR =PT GR GA K
d1 (d − d1 )

γ
(29)
d0
+ Pw1 GR GA K
+ Pw2 ,
d − d1
and consequently, the SINR of the received signal by the
destination is
h
iγ
d20
PT GR G2A K 2 d1 (d−d
1)
h
iγ
SINR =
.
(30)
d0
+
P
Pw1 GR GA K d−d
w2
1
As it is clear from (30), there are two noise terms impacting
SINR at the destination. Depending on which noise source is
dominant we distinguish the following two scenarios.
Case 1.1: Pw1 is the dominant noise at destination. Since
Pw1 is the noise of FDR that is being amplified and transmitted, it can become dominant at the destination either if
FDR has a high noise plus interference level or FDR operates
in high gain mode. High FDR gain is available in the case
when large suppression of SI is achieved. The high gain can
amplify the Pw1 enough to cause the first noise term in (30)
to dominate, such that
h d iγ
0
Pw1 GR GA K
>> Pw2 .
(31)
d − d1
Under the condition given in (31), the non-dominant noise
term can be neglected, and (30) can be simplified as
 γ
PT GA K d0
.
(32)
SINR =
Pw1
d1
It is evident from (32), that as the distance between the source
and FDR increases the SINR at destination decreases.
Case 1.2: Pw2 is the dominant noise at the destination.
Since Pw2 is the receiver noise of the destination, it can
become dominant when FDR has a low noise figure and
operates at low gain mode. Low FDR gain is available in the
case when high suppression of SI is unavailable due to the
presence of large nearby reflections resulting in
h d iγ
0
Pw1 GR GA K
<< Pw2 .
(33)
d − d1

Under the condition given in (33), the non-dominant noise
term can be neglected, and expression in (30) can be simplified as

γ
PT GR G2A K 2
d20
SINR =
.
(34)
Pw2
d1 (d − d1 )
From (34) it is evident that SINR follows a U-shaped curve
as a function of distance d1 .
B. FDR WITH CONSTANT TRANSMIT POWER

In this case, the transmit power PRT of FDR is kept constant.
Since received signal power PRR changes with distance d1 ,
FDR gain is varied accordingly to keep the PRT constant.
For a given target transmit power of PT M , the gain can be
computed as
PT M
.
(35)
GR =
PRR
Substituting received power from (23) into (35), the gain can
be expressed in terms of distance d1 as
 γ
GC d1
GR =
(36)
GA K d0
where GC is the transmit power ratio of FDR and the source
node GC = PT M /PT . Using (26), the signal transmitted by
FDR for this case is
γ
γ


d0
d1
+ Pw1 GC
+ Pw2 ,
PR = PT GC GA K
d − d1
d − d1
(37)
and consequently, the SINR of the received signal by the
destination can be computed as
h
iγ
d0
PT GC GA K d−d
1
h
iγ
SINR =
.
(38)
d1
GC Pw1 d−d1 + Pw2

Case 2.1: Pw1 is the dominant noise at the destination,
such that the following inequality takes place
γ

d1
>> Pw2 .
(39)
GC Pw1
d − d1
Under the condition given in (39), the non-dominant noise
term can be neglected and (38) can be simplified as
 γ
PT GA K d0
SINR =
.
(40)
Pw1
d1
The SINR expression, in this case, is identical to the expression derived in (32), resulting in the same conclusion.
Case 2.2: Pw2 is the dominant noise at the destination,
resulting in the following inequality
γ

d1
GC Pw1
<< Pw2 .
(41)
d − d1
7
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Under the condition given in (41), the non-dominant noise
term can be neglected and (38) can be simplified as

γ
PT GC GA K
d0
SINR =
.
(42)
Pw2
d − d1
It follows from (42), that for the case, when Tx power is
constant at FDR, as the distance between the source and FDR
increases, the SINR at destination also increases.

until reaching the critical value of 45dB, further increasing
the gain to GR = 50dB causes SINR to drop.
Figure 8 illustrates the end-to-end SINR of the network,
when FDR transmit power is kept constant at different levels.
For this scenario, comparing the achieved end-to-end SINR
when FDR is placed at 2m location, it is obvious that as gain
factor is increased starting from GC = −12dB the SINR
increases up to GC = −6dB. Further increasing of the gain
factor causes degradation of SINR.

VI. OPTIMAL FDR GAIN SELECTION

The FDR gain value can be computed from (43) by taking the
derivative of SINR with respect to GR , equating it to zero,
and solving it for GR . As a result the optimum gain level is
expressed as
s
Pw2
 d 0 γ .
(44)
ĜR =
αPRR GA K d−d
1
One can take second derivative of SINR with respect to GR
and verify that SINR is a concave function, which means
SIN R(ĜR ) is maximum point. Similar computation can be
carried out for the case when FDR operates in constant power
mode using SINR expression given in (38). The optimal gain
factor value maximizing end-to-end SINR is computed as
s
Pw2
 d1 γ .
ĜC =
(45)
αPT d−d
1
Figure 7 illustrates the end-to-end SINR of the network,
when FDR gain is kept constant at different levels. For this
scenario the optimal gain is computed for the FDR location of
2m to be ĜR = 44.3. It is obvious form the figure that as the
gain increases starting from GR = 35dB the SINR increases

SINR at Destination when FDR Gain is Const
25

SINR at Destination (dB)

FDR Gain = 50dB
FDR Gain = 45dB
FDR Gain = 40dB
FDR Gain = 35dB
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FIGURE 7: Simulated SINR at Destination for different FDR
Gain levels.

SINR at Destination when FDR Tx Power is Const
28
Gain Fact = 12dB
Gain Fact = 6dB
Gain Fact = 0dB
Gain Fact = -6dB
Gain Fact = -12dB

26
24

SINR at Destination (dB)

As discussed in Section V, the end-to-end SINR varies
differently as a function of FDR location, depending on
which noise term dominates at the destination. Recall, that
Pw1 is the combined noise power at FDR consisting of RSI
and AWGN shown in (25). In general, the residual selfinterference is a function of gain, and it is increasing as the
gain is increased. In practice, the SI cancellation capability
is limited and it is often the case that increasing the relay
gain boosts the RSI, resulting in degraded SINR at destination even though the stability conditions are met. Therefore,
in this section we consider an FDR system impacted with
considerable RSI and compute the optimal gain maximizing
end-to-end SINR for a given location.
The FDR noise given in (25) can be rewritten Pw1 =
Pwsi + Pnr , where the first term is the RSI power Pwsi =
E[|wsi (n)|2 ] and the second term is the AWGN power at
the relay Pnr = E[|wr (n)|2 ]. The RSI power at the input
of the FDR can be expressed as Pwsi = αPRR GR . For the
case when FDR operates in constant gain mode the SINR at
destination is given in (30), where
iγ
h
d20
PT GR G2A K 2 d1 (d−d
1)
h
iγ
. (43)
SINR =
d0
(αPRR GR + Pnr )GR GA K d−d
+
P
w2
1
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FIGURE 8: Simulated SINR at Destination for different FDR
Gain factor values.

VII. SIMULATION AND EXPERIMENTAL RESULTS

In this section, an AF full-duplex relaying system as shown
in Figure 6 is investigated both experimentally and by simulation, according to the parameters listed in Table 2. The
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aim is to relay data packets without amplifying the selfinterference and evaluate the signal quality at the destination
node. The relay is equipped with back to back patch antennas
providing approximately 65dB passive SI suppression. We
first simulate the full-duplex relay network, evaluating the
system performance for constant gain and constant power
modes. We then construct a real-time FD/HD networks and
compare the simulated and experimentally measured network
performances.
OFDM Parameters
Number of OFDM Subcarriers
Number of Data Subcarriers
Number of Pilots
Cyclic Prefix (CP)
Symbol Duration (CP+FFT)
Long Training Duration
Short Training Duration
Subcarrier Frequency Spacing
Data Packet Duration

Value
64
48
4
3.2µs
16µs
32µs
16µs
78125 Hz
1.6ms

Signal Parameters
Source-Destination dist.
Pathloss Exponent
AWGN Power
Rx SOI Power
Rx SI Power
Passive Cancellation
Carrier Frequency
Signal Bandwidth
Tx Power

Value
11 m
2
-92dBm
-70 dBm
-65 dBm
-65 dBm
2.5 GHz
5 MHz
-25 dBm

TABLE 2: System parameters

A. EXPERIMENTAL SETUP
1) FDR Node

A simplified block diagram of the experimental AF-FDR
platform is shown in Figure 9. It is equipped with Rx/Tx
patch antennas pointing in opposite directions, that provide
110◦ coverage (shown in Figure 5), amplifying the signal
of interest towards the destination. The received signal is
amplified and filtered using multistage low-noise amplifiers
(LNA) and band-passed filters (BPF). After setting the gain
of the FDR using attenuator (ATTN), the signal is amplified
by a power amplification stage (PA) and transmitted. To be

FIGURE 10: Full-Duplex Relay Tower.

2) Relay Network

An experimental wireless network, consisting of a halfduplex source and a half-duplex destination node is constructed, using Universal Software Radio Peripheral (USRP)
platforms. The two end nodes are situated 11m apart. Transmit power is reduced to a minimum, which leaves the receiving node outside of the radio coverage area. A fullduplex relay is placed in between the two end nodes to
extend the existing network coverage, as shown in Figure
11. The distance between FDR and source is increased by
moving the relay closer to destination in 1m increments. As
a performance metric, the SINR at the destination node is
recorded for high and low destination receiver noise levels,
denoted as Pwrx .

FIGURE 9: FDR architecture block diagram.
able to estimate the power level of the received signal, a
power detector (PDet) is connected to the main RF path
through a coupler (CPL). The output of the power detector
is sampled by a micro-controller unit (MCU) for FDR gain
control. This feature becomes particularly useful for constant
Tx power experiments, where the gain of FDR is a function
of the received signal power. Setting receiver front end gain
of destination node high/low, increases or decreases the noise
figure of the receiver [31], which allows experiments with
high/low Pw2 . Figure 10 shows the actual implemented system.

FIGURE 11: Network Nodes with Full-Duplex Relay.

Movement of the FDR in a lab environment causes reflected SI variations, due to the presence of multiple nearby
objects, which introduce variations in measured performance. In addition, the performance is influenced by nearby
wireless devices, transmitting on the same frequency, and
causing an increased level of total noise at the destination,
9
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such as Pw2 = Pwrx + Pwi , where Pwi is the external
interference. To keep the influence of surrounding reflectors
negligible, we first conducted experimental measurements
outdoor (Figure 12), followed by indoor measurements (Figure 13), that show the feasibility of FDR in the crowded lab
environment.

FDR at 2.542GHz (Marker 2) while SOI is absent (Marker
1).
FDR Gain Limits
50
45

Hsi = -20dB
Hsi = -30dB

40

Hsi = -40dB
Hsi = -50dB

FDR Gain (dB)

35
30
25
20
15
10

FIGURE 12: Experimental setup in outdoor environment.
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FIGURE 14: FDR gain under limited transmit power while
PSN = −90dBm.

FIGURE 13: Experimental setup in indoor environment.
FIGURE 15: Signal generated by unstable FDR with gain of
58.25dB while SI isolation level of 58dB.
B. STABILITY EVALUATION

In section III we derived stability bounds for both passive
and active SI cancellation scenarios. Figure 14 shows the
allowable FDR gain as a function of the SI channel and the
transmit power. Note the saturation of the allowable gain
as it reaches isolation levels. A slight increase of available
transmit power (or the gain), above the isolation level, will
cause the generation of a self oscillation signal as shown in
Figure 15. The figure is a screen capture of the spectrum
analyzer that illustrates an event where the output of the FDR
is unstable at a gain of 58.25 dB for an maximum allowable
gain of 58 dB resulting in a self-generated frequency by the

C. SYSTEM PERFORMANCE

To evaluate the system performance depending on the relay location, an extended network using a single FDR is
evaluated using simulation and experimental results for both
indoor and outdoor scenarios. The relay gain, the noise power
at relay Pw1 , the noise power at destination Pw2 are selected
to highlight the cases presented in Section V, while conforming to the hardware limitations of the the experimental
platform (i.e. max gain etc.).

10
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Figure 16 shows the simulated and experimentally measured
SINR of the received signal at the destination node for different noise power levels, while the gain of the FDR is constant,
for both indoor and outdoor scenarios. For low noise level
at the destination, when Pw2 < Pw1 , the SINR drops as
FDR is moved away from the source node corresponding to
Case 1.1 in Section V. As the noise level at the destination
becomes larger, the SINR drops as the FDR gets closer
to the midpoint between the two nodes, then increases as
the FDR gets closer to the destination node, creating a Ushaped curve corresponding to Case 1.2 in Section V. The
figure overlaps indoor system performance measurements
when the gain of FDR is constant. From the figure, it is
clear that FDR improves the signal SINR at destination (up
to 14dB), despite increased SI level due to the harsh lab
environment with many reflectors. When comparing system
performance indoor with outdoor, one can infer that the SINR
measurements follow similar trends as outdoor, albeit with
variations due to reflections as discussed earlier.

30

SINR at Destination (dBm)

25

SINR at Destination when FDR Tx Power Const
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Pwrx = -92dBm
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Exp Out Pwrx = -92dBm
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FIGURE 17: Simulated SINR at Destination for different
noise levels.

SINR at Destination when FDR Gain is Const
Sim Pwrx = -92dBm
Sim Pwrx = -87dBm
Sim Pwrx = -82dBm
Exp Out Pwrx = -92dBm

Since FDR gain is limited by the amount of SI cancellation,
our current setup does not allow us to increase the gain
high enough to create the dominant Pw1 scenario (Case 2.1)
experimentally.

SINR at Destination (dB)

1) FDR Network

Exp Out Pwrx = -82dBm
Exp In Pwrx = -92dBm
Exp In Pwrx = -82dBm
No FDR

2) Tandem FDR Network
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FIGURE 16: Simulated SINR at Destination for different
noise levels.

Figure 17 illustrates the simulated and experimentally
measured SINR of the received signal at the destination node
for different noise power levels, while the Tx power of FDR
is constant (for both indoor and outdoor scenarios). A test
tone is transmitted by the source node, and the gain of FDR
is tuned to meet constant Tx power constraint across all the
measurements. Figure 17 illustrates the system performance
outdoor/indoor when the transmit power of the FDR is kept
constant. The figure shows that the SINR at the destination
node is highest when the relay is placed closer to the destination node, and it drops as the FDR is moved closer to the
source. This corresponds to case 2.2 when Pw2 is dominant.
Recall, that Pw2 can become dominant, either due to the noise
contribution Pw1 by FDR is low, or FDR gain factor is low.

A network extended with two tandem connected FDRs (as
shown in Figure 3) is presented. The overall performance
is evaluated as a function of relay locations, where both
relays operate in constant gain and constant transmit power
modes. Figure 18 illustrates achieved network throughput
when extended with FDRs and HDRs operating in constant
gain mode. The color indicates the SINR value at destination
according to the color bar. The figure shows that the highest
SINR is achieved when the first relay is placed closer to
the source node while the second relay is closer to the
destination node. As relays are moved closer to the midpoint
the SINR is degraded creating U-shaped surface similar to
Case 1.2. Notice that network extended with HDRs results in
higher SINR at the destination, when compared to its FDR
counterpart, due to the absence of residual self-interference
in HD network. However, replacing two tandem HDRs with
FDRs can lead up to three times throughput increase in the
ideal case scenario [32]. Therefore, the tandem FD network
achieves higher data rate with respect to HD, despite experiencing relatively lower end-to-end SINR. The results clearly
show less than three times throughput improvement for FD
network, due to the limited SI cancellation capability, which
results in data rate reduction.
Figure 19 illustrates achieved network throughput when
extended with FDRs and HDRs operating in constant transmit power mode. In this mode again the highest SINR is
achieved when first relay is closer to the source node and
the second one is closer to the destination node. Unlike the
constant gain mode, the SINR drops as both relays are moved
11
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SINR was measured at different HDR locations for constant
gain and constant transmit power modes. The achievable
maximum data rate is computed using Shannon’s capacity
theorem.
Figure 20 illustrates simulated and experimentally measured maximum achievable data rate by FDR and HDR
networks for the case, when relay operates in constant gain
mode. The figure show that as relay moves away from the
source the data rate drops for both HD and FD. From the
measurements it is clear that FDR provides network throughput improvement compared to HDR, even under influence of
significant RSI due to the harsh indoor environment.
8

closer to the destination node.

7

Rate at Destination (bit/s/Hz)

FIGURE 18: Simulated rate and SINR at destination after
two tandem relays with constant gain.
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FIGURE 20: Maximum achievable bit rate when data is
relayed using FDR or HDR with Constant Gain.

FIGURE 19: Simulated rate and SINR at destination after
two tandem relays with constant Tx power.

3) Throughput Comparison of FD and HD Networks

In the ideal case when SI is completely eliminated, the fullduplex relay doubles the network throughput when compared
with half-duplex relaying [33]. However, achieving exactly
twice of throughput improvement is difficult, since in practice SI can not be completely eliminated [34]. To be able
to compare the achieved data rate of FD network with HD,
we collected indoor measurements in HD mode. First, the
FDR architecture in Figure 9 was converted to HDR by
adding an RF mixer with a bandpass filter, which enable
reception of signal at 2.57GHz carrier frequency and retransmission of it at 2.38GHz. Similar to FD, an experimental
network extended with HDR was constructed and end-to-end

Figure 21 illustrates simulated and experimentally measured maximum achievable data rate by FDR and HDR networks for the case, when relay operates in constant transmit
power mode. In this case the network throughput increases
as relay gets closer to destination node. However, when
FDR is placed closer to the source the network throughput
improvement is insignificant compared to HDR.
To quantify the advantage of using FDR, the rate gain is
plotted for both constant gain and constant Tx power modes
in Figure 22. The figure highlights the importance of relay
placement, since at some locations the achieved rate gain can
be as high as 1.8 or as low as 1.2. Notice, the throughput
gain achieved in [18] is 1.8x with FD transmit power -5dBm,
which is slightly higher than what we have measured. Figure
22 shows the rate gain 1.78x for FDR located midway and
operating in constant transmit power mode. Although the
difference in the achieved throughput gain is not significant,
there are significant difference between the two systems that
can be highlighted as follows:
• We are using relatively simple, low latency, single
stage SI Suppression with 65dB passive suppression
capability, while [18] is using two stage SI suppres-
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FIGURE 21: Maximum Achievable bit rate when data is
relayed using FDR or HDR with Constant Power.
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FIGURE 22: Rate Gain when HDR is replaced with FDR at
indoor (In) and outdoor (Out) environments.

sion, which includes digital cancellation stage that
adds processing delay.
• Our AF-FDR is an incomplete transceiver that blindly
amplifies the received signal plus noise, whereas the
DF-FDR [18] is more complex complete transceiver
with an advantage of amplifying only the received
signal.
Therefore, depending on the imposed requirements and available resources one or the other FDR may be the system of
choice.

10

This paper presented the design and implementation aspects
of a full-duplex amplify and forward relay network. The
major challenge is the self-interference suppression in order
to provide satisfactory signal quality in the desired area of
service. FDR gain is analyzed under stability conditions, and
available transmit power constraints. The stability bounds
are derived analytically and are confirmed experimentally.
The performance of a tandem connected network of FDRs
using in-house designed patch antennas was described. The
network performance was analyzed as a function of FDR location for constant gain and constant transmit power modes.
The optimal FDR gain that maximizes the end-to-end network SINR was computed for a given relay location. In
addition, the FD/HD network performance as a function of
relay locations are evaluated by simulation and experimentally, outdoor as well as indoor. FD network throughput
gains were compared to HD network demonstrating up to 1.8
times data rate improvement at some locations. It was shown
that the SINR of the relayed signal at the destination can
vary significantly depending on noise levels, FDR operating
mode, as well as the relative location of AF-FDR with respect
to the source and destination nodes. This implies that the
highest possible SINR can be achieved by using a smart relay
selection mechanism that routes SOI through the available
FDRs with relatively high SINR towards the destination.
Since the operating mode of the FDR can totally change
the dependency of destination SINR on relay location, we
distinguished the relay selection under constant gain and
constant transmit power modes separately as follows:
Constant Gain FDR Selection: In this case, the gain of
the AF-FDR is assumed to be fixed, regardless of the strength
of the received signal. In the scenario, when a high gain
relay is available in the network, satisfying inequality (31)
in Section V Case 1.1, the SINR of the relayed signal at the
destination is decreasing function of source relay distance.
Therefore, unlike DF-FDR in [20], selecting high gain AFFDR closer to the source will result in better signal quality
at the destination. Due to the gain limitation explained in
Section III, a high gain FDR may not be available, creating
the Case 1.2 scenario described in Section V. In this case, the
SINR of the relayed signal at the destination is a U-shaped
curve, suggesting that the selection of relays located midway
between source and destination will result in the worst signal
quality at the destination. Therefore, in this case, the FDR
near the source node is the best choice, and if it is unavailable,
a relay near the destination node is preferred.
Constant Transmit Power FDR Selection: In this case,
the gain of the FDR is a function of the received signal,
such that the transmit power is constant. In the case, when
the high gain relay is available in the network, satisfying
the inequality (39) in Section V Case 2.1, the SINR at the
destination is decreasing function of source relay distance.
Therefore, selecting FDR with high gain closer to the source
is preferred, which will result in the best signal quality at the
destination. However, due to the gain limitations described
13
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in Section III, high gain FDR may not always be available
in the network, creating the scenario described in Section V
Case 2.2. In that case, the SINR of the relayed signal at the
destination is an increasing function of the source to relay
distance, suggesting that a relay closer to the destination
should be preferred.
.
APPENDIX A FDR GAIN LIMIT

From (4), the maximum system gain can be expressed as


A
A
=
.
(46)
Gsys = max
si
si
k
1 − AHi (k)
1 − AHi,max
The inequality in (7) can be rewritten as




E |Yitx (k)|2 = E |Gsys (Sirx (k) + Wir (k))|2 ≤ PT .
(47)
In the above inequality, Gsys is a function of FDR gain A,
si
SI channel Hi,max
, and it is independent on received signal
plus noise. Therefore, the expression in (47) can be rewritten
as


E |Gsys |2 PSN ≤ PT ,
(48)
where PSN = E[|Sirx (k)|2 ] + E[|Wir (k)|2 ] represents the
received signal plus noise power at FDR. Denoting α =
maxk [|Hisi (k)|], which corresponds to the minimum SI suppression coefficient, the inequality in (48) can be rewritten
as
A2 PSN
≤ PT .
(49)
(1 − αA)2
The left-hand side in (49) represents power amplification of
PSN , under available transmit power constraint. To determine the amplification gain range for which FDR is stable,
the following inequality must be solved
(PSN − α2 PT )A2 + 2αPT A − PT ≤ 0.

(50)

The roots of the above quadratic equation are computed as
A1,2

√
−αPT ± PT PSN
.
=
PSN − α2 PT

(51)

Since PSN − PT α2 > 0, both numerators and denominators
are positive numbers. Since A1 < 0 and A2 > 0, the
amplification gain range satisfying (50) is computed as
√
0≤A≤

PT PSN − αPT
.
PSN − α2 PT

(52)
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