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ABSTRACT With the growing demand for spectrum utilization, the concept of full duplex transceivers
has become attractive. These simultaneous transmit and receive systems (STAR) are attractive as they
double bandwidth utilization. To realize STAR, we must suppress self-interference (SI) between transmit
and receive antennas. Doing this across a wide bandwidth presents an even greater challenge. Further,
for antenna arrays, SI can be higher due to mutual coupling among neighboring elements. In this paper,
we achieve 100 dB isolation for practical STAR, across a large 500 MHz bandwidth. Specifically, four
stages of the self-interference cancellation are proposed. In addition to high isolation cross-polarized array
elements, we employ multi-tap filters at the transceiver RF front-end for interference cancellation. These
filters emulate direct SI coupling using frequency-domain optimization techniques. Measured results show
an average of 25 dB filter cancellation is possible across 500 MHz.

INDEX TERMS RF Cancellation, self-interference cancellation, wideband interference cancellation, in-
band full duplex, simultaneous transmit and receive.

I. INTRODUCTION
With the current congested spectrum, it is difficult to find
continuous frequency bands for ultra wideband (UWB) trans-
mission [1]–[3]. This need for contiguous spectrum has
led to creative approaches of spectrum allocation and
re-use [1], [2], [4]–[7], including in-band full duplex systems.
Current systems either employ frequency division duplex-
ing (FDD) or time division duplexing (TDD) to realize
full duplex. These realizations, rely on the orthogonality
of time/frequency resources to avoid interference between
the transmit and receive signals. However, both FDD and
TDD require double the time and/or frequency resources as
compared to full duplex systems. Further, multiband com-
munication systems that employ the FDD technique require
a large number of tunable duplexers, implying a complex
RF architecture and large form factors. Such systems are
generally lossy as well. Notably, TDD communication sys-
tems do not require a duplexer. Rather, they require isolators
to suppress interference between the uplink and downlink
channels [8], [9].

Simultaneous transmit and receive (STAR) systems, also
referred to as in-band full-duplex (IBFD) or division free

duplexing (DFD), have the potential to overcome these short-
comings [1], [2], [4]–[7]. In STAR, spectral efficiency is the-
oretically doubled, when transmission and reception happen
at the same time and at the same frequency [1]. Furthermore,
from a wireless network perspective, frequency planning is
simpler, since only a single frequency need be shared between
uplink and downlink. Another possible advantage is that they
can also sense network traffic to provide enhanced inter-
ference coordination. Despite the various benefits offered
by STAR, there are several issues preventing their practical
implementation. The main issue though stems from coupling
of the transmit signals due to their proximity to the receiver,
causing receiver desensitization [1], [2], [4]–[7], [10].

To improve spectral efficiency using STAR, we must
suppress self-interference (SI) due to coupling between the
transmitter and receiver. Typically, SI includes direct and
reflected/echo/multipath signals, harmonics from the power
amplifier (PA), and noise from the transmit chain. Thus, any
self-interference cancellation (SIC) architecture should be
able to model and predict these distortions to achieve full
duplex operation [6], [11]. To prevent receiver saturation,
the interfering signal must be sufficiently canceled at the
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FIGURE 1. STAR system showing multi-stage 100 dB cancellation across a
wide bandwidth for a system with N transceivers and antenna elements.

RF stages. In addition, digital cancellation algorithms must
be employed to remove nonlinear distortions at the backend.

Recent STAR implementations include cancellation stages
at the antenna, RF, and digital domains. Suchmulti-stage can-
cellation are necessary to achieve up to 100 dB cancellation
across the operational bandwidth. In [6], a 16-tap filter with
fixed delays and programmable attenuators were presented to
achieve high cancellation of 47 dB. However, this was across
a narrow bandwidth of 80 MHz. Time domain equalization
approaches using sampling and interpolation techniques were
employed to achieve this. Another approach using frequency
domain equalization was reported in [4]. In this approach,
multiple RF bandpass filters (BPF) were included in the
canceler. The latter was used to channelize the desired band-
width (BW). Using this approach, RF self-interference can-
cellation (RF-SIC) of 20 dB across 27 MHz was achieved.
In [2], a 4-tap filter with variable delays and attenuators
was used using time-domain transmission techniques for high
transmit power applications. Under this condition, an SIC
of 30 dB was achieved across a 30 MHz bandwidth.

In this paper, a new STAR architecture is proposed to
achieve much greater measure of self-interference cancella-
tion (SIC) across a large bandwidth of 500 MHz. As can be
expected, larger bandwidths imply more stringent require-
ments on SIC. To achieve SIC across a 500 MHz bandwidth,
we propose four cancellation stages [12]–[14], as depicted
in Fig. 1. These stages include: a) 30 dB antenna iso-
lation [15], [16], b) 30 dB radio frequency (RF) analog
cancellation [7], [11], [17]–[19], c) baseband (BB) ana-
log cancellation of 20 dB [20], and d) digital cancellation
of 20 dB [11], [21].

This paper focuses on the RF-SIC (Stage-2) circuit to
provide cancellation across a 500 MHz bandwidth. Concur-
rently, to achieve high antenna isolation, we employed an
UWB antenna array with collocated cross dipole elements,
depicted in Fig. 1. Port-to-port coupling isolation ranging
from 20 dB to 35 dB across 2.6 GHz to 4 GHz was achieved.
The RF-SIC filter serves to achieve an additional 30 dB of
cancellation after the antenna. To do so, a 6-tap finite impulse

FIGURE 2. Self-interference cancellation across the first two stages of the
proposed STAR system.

response (FIR) filter is designed and fabricated. The FIR filter
mimics the response of the antenna coupling across 500MHz.
Experimental results show that for the designed RF-SIC filter
(stage-2), 17 dB to 33 dB cancellation across a 500 MHz
bandwidth can be achieved. These results demonstrate that
tunable multi-tap filters are the most promising and cost
effective methods of achieving significant cancellation across
a wide bandwidth. To our knowledge, this is the first RF-SIC
filter that can achieve such wide bandwidth.

This paper is structured as follows. Section II describes the
first two cancellation stages employed in this STAR archi-
tecture. Mathematical representations of the cancellation
process and implementation details are described. The
stage-2 RF cancellation filter design and fabrication are
described in Section III. Measurements are given in
Section IV.

II. STAR CANCELLATION STAGES
As depicted in Fig. 1, the first cancellation stage
(Stage-1) involves the suppression of the coupled signal at
the antenna stage. It is crucial to achieve good isolation at the
antenna stage as suppression at this stage relaxes SIC require-
ments at subsequent stages. Prior work using multi-antenna
STAR systems employed path loss, cross-polarization, and
beamforming techniques to achieve 47 dB cancellation in
multipath environments. However, this was done across a
very narrow bandwidth [6], [11], [18], [21], [22].

RF cancellation (Stage-2 in Fig. 1) involves tapping a
replica of the transmitted signal prior to transmission. This
signal is then adjusted using RF filter circuits and com-
bined with the received signal for cancellation [23]. The first
two stages, namely antenna isolation and RF cancellation,
are important as they suppress transmitter non-idealities and
transmit chain noise below the receiver noise floor. Doing
so, prevents low noise amplifier (LNA) and analog-to-digital
converter (ADC) saturation. Hence, it is crucial that the first
two stages, achieve a combined 60 dB cancellation, as shown
in Fig. 2. Unlike recent STAR implementations that were
of narrow bandwidth (<100 MHz), in this paper we pursue
cancellation across a large 500 MHz bandwidth.
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FIGURE 3. Block diagram showing the proposed STAR cancellation
approach performed in the RF domain using the coupled signal
from the antenna and the filtered signal from RF-SIC.

Additional stages of cancellation include analog baseband
and digital cancellations. In the analog baseband stage, a copy
of transmitted signal is downconverted to baseband and used
to suppress the coupled signal. As a result, the coupled base-
band signals are suppressed by 20 dB. A fourth stage of
cancellation can also be implemented in the digital backend
to achieve an additional 20 dB of cancellation. To do so,
the transmit bits are stored in memory, then used to can-
cel out the residual coupled signal. The additional 2 stages
are required to achieve a total 100 dB of SIC. However,
these stages are outside the scope of this paper. They are
depicted in Fig. 1 for completeness. In the following sections,
the implementation of the RF-SIC filter is described

A. RF CANCELLATION STAGE
To achieve 30 dB SIC across a 500 MHz bandwidth, we will
employ a multi-tap FIR filter. Already, various single-tap
filters have demonstrated SIC reduction of the transmit-
receive coupling. However, these designs have been across
narrow instantaneous bandwidths [10], [21], [24]. The pro-
posed multi-tap FIR filter designs provide more degrees of
freedom (such as tunable tap delay and attenuation at each
taps) to achieve much larger bandwidth. As shown in Fig. 1,
this cancellation signal is sourced from the transmit chain
immediately after the power amplifier (PA), thereby includ-
ing nonlinearities. It is then injected into the primary receiver
path before passing through the LNA of the receiver.

The main goal of the RF stage is to suppress the
RF transmit signal that couples into the receiver side. A sim-
ple block diagram depicting the first two stages of STAR
is given in Fig. 3. As can be seen, a directional coupler is
employed at the input and output ports of the transceiver. That
is, a small portion of the transmitted signal pin from the
PA is coupled to stage-2. The rest of the signal is sent to the

FIGURE 4. Two-port block diagram describing the signal flow across the
transmit/receive ports.

antenna for transmission. At the receiver side, a directional
coupler is employed to combine the signals from the receiving
antenna and the stage-2 RF-FIR filter. To achieve maximum
cancellation, the signal rRF (see Fig. 3) must be ideally zero.
This occurs when the following condition holds

S21TxCS21chnlS12RxC = −(S31TxCS21filS13RxC ). (1)

In other words,

|S21TxC ||S21chnl ||S12RxC |

= |S31TxC ||S21fil ||S13RxC |
6 S21TxC + 6 S21chnl + 6 S12RxC
= 6 S31TxC + 6 S21fil + 6 S13RxC + 180◦. (2)

In the above, Sij corresponds to the scattering parameters
([S] matrix) at each junction. Also, the subscripts TxC , chnl,
fil and RxC correspond to the junction or coupling ports.
Specifically, TxC = transmit chain, chnl = antenna coupling
response (or channel), fil =RF-SIC filter, and RxC = receive
chain. In (2),to achieve signal cancellation the phases of the
coupled and filtered signals must be 180◦ out of phase.
The characteristics of the transmit to receive antenna junc-

tion is referred to as ‘chnl ′, and can be measured in the ane-
choic chamber. Ignoring multipath signals, the coupled signal
is influenced by its closest N -transmit antenna elements.
This coupling must be accounted for. Referring to Fig. 4,
the transfer function (Hchnl(jω)) represents the coupling from
the trasnmitting antenna to the receiving port #2, as given
by [25]

Hchnl(jω)

= S21chnl

[
(1− 0L)(1− 0S )

×
1

(1−S22chnl0L)(1−S11chnl0S )−S12chnlS21chnl0L0S

]
.

(3)

In the above, 0S and 0L are the source and load reflec-
tion coefficients, respectively. Further, the antenna elements
are designed to be matched to 50� loads across the entire
operational bandwidth. Hence, they have low return loss
of < −15 dB as depicted in the voltage standing wave ratio
(VSWR) plots in [26]. Under this assumption, S11chnl =
S22chnl = 0L = 0S ≈ 0. Simplifying (3) to

Hchnl(jω) = S21chnl . (4)
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FIGURE 5. RF-SIC FIR filter topology using delay lines and tap coefficients
as attenuators.

Henceforth, S21chnl and Hchnl(jω) will be used
interchangeably.

We want to consider the coupling between specific ele-
ments n and i. In this particular case, the impulse response
is described as hchnl,n,i(t), where i refers to the coupling of
the ith transmit antenna to the nth receive antenna. When
considering all N transmitting elements from i = 1 to i = N ,
we have

Hchnl,n(jω) =
N∑
i=1

Hchnl,n,i(jω) =
N∑
i=1

Sn,i. (5)

The goal is to design a filter whose response cancels the
coupling Hchnl,n(jω). The transfer function of the RF filter
can be represented using filter taps as,

Hfil,n(jω) =
K−1∑
k=0

bke−jωτk (6)

where bk are the tap coefficient value and τk are the delay
taps. Our goal is to find bk and τk such that the condition given
in (2) is valid. The following section describes the procedure
to extract bk and τk . Subsequently, using the bk and τk values,
the RF-FIR can be realized.

To achieve maximum SIC, our goal is to design a filter
that replicates precisely the response of the antenna coupling
given by (5). To do so, we refer to Fig. 5. The circuit shown is
a set of weights and delay line segments. Thus, our next step
is to realize the RF filter response Hfil,n(jω) using the circuit
in Fig. 5.

III. SELF-INTERFERENCE CANCELLATION (RF-SIC) RF
FILTER DESIGN
To realize the RF-SIC filter we considered equal power split-
ter and power combiners. That is, we employed an ideal
3-dB direction coupler at the transmit and the receive chain.
Referring to Fig. 3, this implies that

|S21TxC | = |S12RxC | = |S31TxC | = |S13RxC | =
1
√
2
. (7)

Further, we assumed that no phase imbalance exist in
the transmit and receive 3-dB direction couplers. Hence,
the expression in (2) reduces to,

|S21chnl | = |S21fil |
6 S21chnl = 6 S21fil + 180◦. (8)

To design the RF-SIC filter using a multi-tap approach,
the coefficient of the transfer function in (6) is optimized
to match the coupled signal from the transmitter to the

FIGURE 6. 8×8 cross-dipole antenna array with its unit cell
representation [26].

FIGURE 7. Measured and simulated broadside gain of the
8×8 cross-dipole antenna array [26].

receiver. This optimization must account for the cancella-
tion bandwidth, circuit complexity, as well as acceptable
errors and deviations from the target response. Further,
on employing a multi-tap FIR filter with tunable parameters
(bk and τk ) we retain an extra degree of freedom required to
achieve large bandwidth operation. To do so, we will use the
data representing the measured antenna response Hchnl,n(jω).
In order to measure the antenna response (Hchnl,n(jω)),

we employ an UWB 8 × 8 antenna array with collocated
crossed dipole elements operating across a 13.1:1 bandwidth
and providing 20 dB to 35 dB isolation from 2.6 GHz
to 4 GHz. This isolation is based upon exploiting a) polar-
ization orthogonality between transmit and receive antennas,
b) symmetric and balanced feeding, and c) suppression
of common modes that may exist within the feeding net-
work [16]. The array’s unit cell is shown in Fig. 6, and con-
sists of crossed overlapping dipoles, one transmitting and the
other receiving, each fed by an integrated Marchand balun.
The operational details of this antenna array are reported
in [26]. The broadside antenna array gain and cross-coupling
characteristics are given in Fig. 7.
In a tightly coupled array configuration, mutual coupling

among nearby elements influences performance quite dras-
tically [27], [28]. This mutual coupling must therefore be
considered in achieving high isolation between the trans-
mitter and receiver ports. Referring to Fig. 8, the coupling
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FIGURE 8. Pictorial representation of cross-coupling from neighboring
antenna array elements on the center receive element.

FIGURE 9. Anechoic chamber port-to-port coupling measurements of the
antenna array in Fig. 6, with single element receiving while all
surrounding elements are active (a) Magnitude |Sn(jω)| and (b) Inverted
Phase response Sn(jω) of the port-to-port coupling when all surrounding
antenna elements transmit and only a single center element is receiving.

from nearby array elements is measured by exciting 24 trans-
mit elements around a single receive element. As expected,
the transmit elements, closest to the receiving dipole give the
majority of cross-coupling. Therefore, coupling beyond the
24 surrounding elements was not included as it was found
negligible. For our case, we will design a filter of order K
using a polynomial fit to match the antenna (chnl) magnitude
and phase response, shown in Fig. 9. This is the measured
coupling into the nth port when entire antenna array is trans-
mitting.

Our goal is to find bk and τk such that, Hfil,n(jω) ≈
Hchnl,n(jω). Based on this filter response, we can then com-
pute the error between the desired and achieved response.
Specifically, we have

|Hfil,n(jω)| = |Hchnl,n(jω)| ±1mag(jω)
6 Hfil,n(jω) = 6 Hchnl,n(jω)+ 180◦ ±1phase(jω) (9)

where, 1mag and 1phase refer to the magnitude and
phase errors, respectively. Many factors contribute to the
error, including power divider mismatch, unaccounted non-
idealities in transmit chain, as well as errors related to the
antenna response characterization. Based on the data sheets
of the components employed, the total error due to the
above mentioned nonidealities account for-no more than 3%.

FIGURE 10. Fabricated RF-SIC filter. (a) Photo of the fabricated 6th order
RF-SIC filter, (b) S-parameter measurement setup.

The overall error is then given by

Errorfil,n =

√√√√√√
ωhigh∫
ωlow

[
1mag

2(jω)+1phase
2(jω)

]
dω

ωhigh − ωlow
. (10)

Based on the above equation, to emulate the coupling for
the antenna, we found that a filter of order K = 6 gives a
magnitude and phase error on the order of 3% . This error was
computed using (10). Notably, for K = 10, this error reduces
to 0.7% . However, realizing a 10-tap filter is very challeng-
ing both in terms of design and integration. Increasing the
filter taps results in increasing the number of variables that
needs to be optimized. The latter exacerbates the computation
complexity. Further, as the number of taps increases, the
RF-FIR filter foot print also increases. As a result, the fil-
ter integration with antenna array feeding network becomes
more challenging.

Below, we fabricate and test the K = 6 filter for val-
idation purposes. The bk and τk filter coefficients were
obtained using the Gradient Decent algorithm. The specific
filter taps are bk = {2.02, 1.27, 2.16, 9.9, 1.258, 2.66} and
τk = {33, 166, 241, 23, 26, 147}ps at the center frequency.
In practice, however, we will use attenuators to represent
bk and microstrip delay lines generated using the linecalc
tool in ADS to represent τk . ADS Momentum was also used
to conduct full-wave simulations of the resulting RF filter.
Initial simulations were carried out using a TMM10 substrate
having εr = 9.8 and tanδ = 0.0022. This substrate was
chosen due to its higher εr = 9.8, implying smaller footprint
for integration within the antenna array.

The RF-FIR filter was matched to a 50� load across the
entire operational bandwidth. The fabricated filter is pic-
tured in Fig. 10(a). The performance of the fabricated fil-
ter was characterized using S-parameters (S21fil). As seen
in Fig. 11, the fabricated filter’s response closely matches
that of the desired antenna’s response. The phase offset seen
in Fig. 11(b), is due to cables which can be calibrated out.

IV. SIC MEASUREMENTS AND RF FILTER PERFORMANCE
The fabricated RF filter is shown in Fig. 10(a). Referring to
Fig. 3, the signal pin is first passed through the 3-dB direc-
tional coupler to obtain two identical signals each carrying
half the output power. These signals are then fed to the trans-
mit antenna and the RF-SIC filter. It should be noted that mis-
match in 3-dB directional coupled and/or antenna response is
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FIGURE 11. Magnitude and Phase response of the fabricated filter
(shown in red) as compared to the inverted Tx/Rx antenna coupling
(in blue) in Fig. 9. (a) Magnitude Sn(jω) and, (b) Phase response Sn(jω).

accounted for using (9). The RF-SIC filter response serves
to cancel the antenna coupled signal and therefore low-
ers the sensitivity of the receiver. After subtracting the fil-
tered signal from the coupled antenna signal, the resulting
RF-SIC is given by,

SICRF |(dB) = 20log10
Hfil,n(jω)+ Hchnl,n(jω)
√
2Hchnl,n(jω)

. (11)

The derivation of SIC along with signal representation at
each stage is given in detail in the Appendix. Using (9) and
(26), the above can be expressed as

SICRF |(dB)

= 20log10

[(
1mag

2(jω)
2|Hchnl,n(jω)|2

)
+

(
1+

1mag(jω)
|Hchnl,n(jω)|

)
×
(
1− cos(±1phase(jω)

)] 1
2

(12)

where 1mag(jω) and 1phase(jω) refer to the residual differ-
ence between the antenna and filter magnitude and phase
response. If Hfil,n(jω) = −Hchnl,n(jω) as required, then
1mag(jω) = 0 and 1phase(jω) = 0. For this ideal case,
SIC→∞.

As seen in Fig. 11, phase and magnitude imbalances
betweenHfil,n andHchnl,n imply amuch less SIC. To calculate
the RF self-interference cancellation, the transmit signal is
passed through the transmit elements of the antenna array and
received using a single receive element. A part of the signal
is tapped to the RF-FIR filter chain using a power-divider.
The coupled signal from the Rx element and the filtered
signal from the RF-FIR filter chain are combined, before
being fed to the LNA. At this stage, since both signals have
the same magnitude but 1800 out of phase, the signals cancel
each other, providing the required cancellation. As depicted
in Fig. 12, the achieved SIC is on the order of 30 dB with
minimum cancellation of 22 dB. The RF-SIC is not uniform
across the entire bandwidth, since the the antenna magnitude
response is not uniform. Of importance is that this is achieved
across very large 500 MHz bandwidth. Previous works have
reported bandwidths of up to 100 MHz [2], [4], [6].

It should be noted that the target specification is to achieve
a total cancellation of 100 dB across all 4 stages or an average
of 50 dB between the first 2 stages. However, as mentioned

FIGURE 12. SIC achieved across the entire bandwidth.

before, since we are operating over unprecedented 500 MHz
bandwidth, the antenna and the filter response is not uniform.
Hence, the achieved RF-SIC at stage-2 is not uniform across
the entire bandwidth. If the combined cancellation at the
end of stage-2 is not 50 dB, the design and algorithm at
stage-3 and 4 are adjusted accordingly to provide better iso-
lation at those frequencies.

V. CONCLUSION
We proposed a wideband multi-stage self-interference can-
cellation STAR system. Previous designs have been limited to
bandwidths less than 100 MHz, whereas the proposed STAR
system achieved 500 MHz. Our design employed a higher
order FIR filter with added degrees of freedom to achieve
large cancellation bandwidths. Specifically, both amplitude
weights and time delays were considered as adjustable vari-
ables at each of the filter taps. Also, for the first time, our
cancellation process accounted for coupling effects among
the surrounding antenna elements within the array. Measure-
ments showed a cancellation level of 22 dB to 40 dB across
500 MHz using a 6th order RF-SIC filter. To our knowl-
edge, this is the most wideband self-interference cancellation.
Future work will involve novel filter design to achieve con-
sistent cancellation of 30 dB or more over wider bandwidth.

Appendix
From Fig. 3, the signal at the input of the LNA in the receiver
chain from a single transmit element is given by,

rRF = rfilS13RxC + rchnlS12RxC (13)

where

rfil = pinS31TxCS21fil
rchnl = pinS21TxCS21chnl . (14)

Thus (13) can be represented as,

rRF = pin S31TxCS21filS13RxC︸ ︷︷ ︸
T1

+pin S21TxCS21chnlS12RxC︸ ︷︷ ︸
T2

(15)
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where

T1 = |S31TxC ||S21fil ||S13RxC |
6 (S31TxC + S21fil + S13RxC )

T2 = |S21TxC ||S21chnl ||S12RxC |
6 (S21TxC + S21chnl + S12RxC ). (16)

That is, (13) can be expressed as

rRF = pinr ′RF (17)

where r ′RF = T1 + T2.
Therefore, |r ′RF |

2 can be expressed as

|r ′RF |
2
= |T1 + T2|2

= |T1|2 + |T2|2 + 2|T1||T2|cos(6 T1 − 6 T2) (18)

implying

|r ′RF |
2
= |S31TxC |2|S21fil |2|S13RxC |2︸ ︷︷ ︸

|T1|2

+ |S21TxC |2|S21chnl |2|S12RxC |2︸ ︷︷ ︸
|T2|2

+

(
2|S31TxC ||S21fil ||S13RxC |︸ ︷︷ ︸

2|T1|

× |S21TxC ||S21chnl ||S12RxC |︸ ︷︷ ︸
|T2|

×cos
(
6 (S31TxC + S21fil + S13RxC )︸ ︷︷ ︸

6 T1

− 6 (S21TxC + S21chnl + S12RxC )︸ ︷︷ ︸
6 T2

))
. (19)

Using the condition specifed in (7) the above expression
becomes,

|r ′RF |
2
=
|S21fil |2

4
+
|S21chnl |2

4

+
2|S21fil ||S21chnl |

4
cos
(
6 S21fil− 6 S21chnl

)
.

(20)

In the above equation (20) it was assumed that there is no
phase imbalance between the transmit and receive direction
couplers. That is,

6 S31TxC = 6 S21TxC
6 S13RxC = 6 S12RxC . (21)

Following a similar analysis as above, the coupled signal
from the antenna is given by,

rchnl = pinS21TxCS21chnl = pinr ′chnl (22)

with

|r ′chnl |
2
= |S21TxC |2|S21chnl |2 =

|S21chnl |2

2
. (23)

The, RF-SIC is then given by

SICRF |(dB) = 20log10
rRF
rchnl

. (24)

Using (14), (20) and (23), the above equation reduces to,

SICRF |(dB) = 20log10

[
1

2|S21chnl |2

(
|S21fil |2 + |S21chnl |2

+ 2|S21fil ||S21chnl |cos
(
6 S21fil− 6 S21chnl

))] 1
2

.

(25)

Using (4) and (5), the above expression can be re-written
as

SICRF |(dB) = 20log10

[
1

2|Hchnl,n|2

(
|Hfil,n|2 + |Hchnl,n|2

+ 2|Hfil,n||Hchnl,n|cos
(
6 Hfil,n− 6 Hchnl,n

))] 1
2

.

(26)
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