
1

System-Level Analysis for mm-Wave Full-Duplex
Transceivers

Mohamad Mahdi Rajaei Rizi, Graduate Student Member, IEEE, Jeyanandh Paramesh, Senior Member, IEEE, and
Kamran Entesari, Senior Member, IEEE

Abstract—This paper conducts a comprehensive system-level
analysis of mm-Wave full-duplex transceivers, focusing on a re-
ceiver employing a four-stage self-interference cancellation (SIC)
process. The analysis aims to optimize the noise and linearity
performance requirements of each transceiver block, ensuring
that the self-interference (SI) signal does not compromise the
receiver’s error vector magnitude (EVM) for an OFDM 64-QAM
signal. Additionally, the necessary SIC for each stage is calculated
to establish feasible noise and linearity specifications for a
CMOS-based implementation. The resulting specifications are
subsequently validated within a MATLAB Simulink environment,
confirming the accuracy of the computed requirements for each
block.

Index Terms—mm-Wave, system-level analysis, 5G, OFDM
64 QAM, self-interference cancellation, in-band full-duplex
(IBFD).

I. INTRODUCTION

FULL-DUPLEX wireless systems enable simultaneous
transmission and reception over a single antenna, im-

proving system compactness and offering substantial benefits
in spectral efficiency, link capacity, and network latency re-
duction. By allowing both the transmitter (TX) and receiver
(RX) to operate concurrently on the same frequency, these
systems—referred to as in-band full-duplex (IBFD)—excel in
supporting high data rates, particularly in densely populated
network environments [1]. This concurrent operation provides
significant advantages over traditional duplexing methods like
frequency-division duplexing (FDD) and time-division duplex-
ing (TDD). Beyond physical-layer enhancements, full-duplex
technology delivers additional performance gains across higher
network layers, as discussed in references [1], [2], [3], [4], [5],
and [6]. However, a major design challenge is the suppression
of the self-interference (SI) signal, which can be orders of
magnitude stronger than the desired signal—potentially up to
a million times—posing risks of receiver desensitization and
severe signal-to-noise ratio (SNR) degradation. To address this,
a single cancellation stage is typically insufficient; instead, a
multi-stage self-interference cancellation approach is required,
each stage providing targeted SI attenuation to meet system
requirements. A detailed link-budget analysis is therefore
essential, enabling the design of receiver components with
realistic noise and linearity specifications that ensure the SI
level is minimized to achieve the desired SNR. Furthermore,
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achieving high noise and linearity performance is challenging
in CMOS technologies at mm-wave frequencies, necessitating
meticulous optimizations to extract sensible values for each
SIC stage and each block’s specifications. In this regard, this
work presents a detailed system-level analysis of a mm-wave
FD transceiver verified by modulation-based simulations in
Simulink environment.

II. PROPOSED SYSTEM-LEVEL ANALYSIS

Fig. 1 illustrates a full duplex link implementing the com-
munication between a base station (BS) and a user equipment
(UE) front-ends. The separation distance between the BS and
UE is denoted by ’d’. Additionally, the transceiver at the UE
end comprises a power amplifier and a low noise amplifier
connected to an EBD aiming to isolate transmission (TX) and
reception (RX) paths. However, the isolation provided by the
EBD is limited, leading to the presence of self-interference (SI)
at the receiver input. In full-duplex (FD) systems, where both
transmitter and receiver operate concurrently at the same
frequency, it is essential to adequately suppress the transmit-
ter leakage signal across multiple stages of self-interference
cancellation (SIC) to achieve targeted EVM. As a result,
meticulous budget analysis becomes vital to determine optimal
values for noise and linearity metrics of each block, alongside
the SIC value of each cancellation node across the receiver
chain.

The analysis will be conducted based on two scenarios:
uplink and downlink. In the uplink scenario, the transmission
from the UE and reception at the BS are addressed, whereas
in the downlink scenario, the situation is reversed. Note that in
both scenarios the existence of SI affects the reception. The
focus of this article, however, is the reception performance
of the UE side. Hence, SI influences and mitigation methods
are addressed only at downlink scenario. Each scenario is
further elaborated upon in the subsequent subsections. For
a comprehensive understanding of the parameters utilized
throughout the analysis, readers can refer to Table I.

A. Uplink
In this scenario, the required output power transmitted by

the UE will be determined. The modulation scheme considered
for the uplink is an OFDM 64-QAM with 400 MHz bandwidth
necessitating a total link SNR of 21 dB [7]. To allocate this
SNR value between the transmitter (UE) and the receiver (BS),
(1) is utilized [7]:

SNRLink =
1

1
SNRTX

+ 1
SNRRX

(1)
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Fig. 1. A full-duplex communication link.

TABLE I
SYSTEM PARAMETERS

Parameter Description
PTX,BS(UE) Power delivered to the antenna at the BS (UE) side
PRX,BS(UE) Power collected by the antenna at the BS (UE) side
GBS(UE) BS (UE) antenna gain
LFS Free space path loss

NFBS(UE) NF of the (UE) BS’s receiver
BWDL(UL) DL (UL) Modulation band-width
SNRRX Minimum output SNR requirement for a given EVM

The SNRTX is primarily attributed to PA non-linearity effects,
with a typical value based on the reported mm-wave PAs in
literature being 24 dB [8], [9], [10]. Thus, employing (1):

SNRRX = 24 dB (2)

This value for SNRRX represents the ratio of signal to all
non-ideal effects (such as noise and non-linearity). Consider-
ing that the undesired signal components produced by other
non-ideal effects impose a 3 dB margin on the link budget,
then the SNRnoise mentioned in (3) will be 27 dB.

PRX,BS,min =− 174 dBm/Hz + 10 log (BWUL)

+NFBS + SNRnoise
(3)

Given a NF of 8 dB for the BS, a minimum received power
of -53 dBm is necessary.

The relationship between the received power at the BS and
the transmitted power by the UE is expressed by the equation
below:

PRX,BS = PTX,UE +GUE − LFS +GBS (4)

Using (4) and assuming a gain of 20 dBi (= GBS = GUE) for an
aperture mm-wave antenna [11] with a maximum distance of
90 m between the BS and the UE, leading to an LFS of 101 dB,
we obtain:

P TX,UE > 8 dBm (5)

With a typical insertion loss of 4 dB for EBD TX path, the
output power of the PA at the UE side must be:

P PA-out,UE > 12 dBm (6)

B. Downlink

In this scenario, the analysis focuses on the UE reception
performance in the presence of the SI. Typical noise and
linearity performances for mm-wave CMOS receivers will be
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Fig. 2. Full-duplex transceiver block-diagram at UE end.

considered to ensure that the EVM (SNR) requirement for
the assumed modulation scheme is fulfilled. As depicted in
Fig. 2, the UE receiver incorporates various stages of SI-
cancellation, each offering specific advantages to the entire
system. Determining the appropriate value requires thorough
considerations, and different criteria in the following sub-
sections are introduced to extract SICi values.

1) Total Required SIC: The criterion here is to find the
SICtotal such that the power of residual SI signal after all SIC
stages is adequately below the noise level. The Modulation
scheme for downlink scenario is assumed to be an OFDM 64-
QAM with 400 MHz band-width. Thus, the minimum required
SNRLink is 21 dB [7]. The definition of SNR in this context
is identical with that of the uplink scenario. Similarly, to
distribute this total SNR value between the BS and UE,
equation (1) can be utilized. Note that in this system-level
analysis, we assume that the PA at the UE side provides
lower linearity performance compared to the BS side due to
general design limitations that are subjected to UE side. Hence,
the SNRTX(BS) is assumed to be 30 dB based on PA specs
mentioned in [10] leading to an SNRRX(UE) of 21.6 dB.

To apportion the SNRRX(UE) among noise, non-linearity of
the receiver, and residual SI, equation (7) is employed [7]. In
this equation, the effect of IM3 components produced by mixer
and other subsequent stages are ignored; the dominance of the
IM3 components generated by the LNA stems from the design
of SIC2 as discussed in section II-B3, which will be tailored
to mitigate the IM3 components of subsequent stages (Mixer
and base-band amplifier). Therefore:

SNRRX(UE) =
1

1
SNRnoise

+ 1
SNRIM3-LNA

+ 1
SNRSI

(7)

Where SNRnoise represents the common signal-to-noise ratio,
SNRIM3-LNA denotes the ratio of the desired signal to IM3
components produced by the LNA, and the SNRSI signifies
the signal to the input referred residual SI level ratio, as defined
in (8).

SNRSI = PRX,UE − PSI,residual (8)

Where PRX,UE is determined in (9)

PRX,UE = PTX,BS +GBS − LFS +GUE (9)

In previous studies [8], [9], and [10], CMOS mm-wave PAs
supporting modulation schemes such as 64-QAM and/or 256-
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QAM with output powers reaching up to 15 dBm are pre-
sented. Hence, 15 dBm is a reasonable choice for PTX,BS; thus,
the minimum received power calculated by (9) is:

PRX,UE = −46 dBm (10)

Note that a general purpose receiver might indicate better
PRX,UE than the value achieved in (10), but in the context
full-duplex receiver obtaining very sensitive receivers requires
super-linear LNA and prohibitively high value of SIC1 [see
Fig. 2] which is very challenging at mm-wave frequencies.
However, the methodology and fellow of analysis proposed
here is valid while values can change according to technology
of fabrication and frequency of operation.

Equation (3) can be re-formulated for the downlink, yielding
an 8 dB NF for UE with an SNRnoise of 28 dB. The ”sufficient”
value of SI cancellation will be achieved when:

1

SNRSI
<< (

1

SNRnoise
+

1

SNRIM3-LNA
) (11)

To validate this approximation, we assume:

1

SNRSI
= (

1

SNRnoise
+

1

SNRIM3-LNA
)× 0.01 (12)

By neglecting SNRSI in (7), this equation necessitates an
SNRIM3-LNA of 23 dB to meet the 21.6 dB requirement for the
entire RX. Thus, by substitution SNRnoise and SNRIM3-LNA
into (12), SNRSI is determined as follows:

SNRSI = 44 dB (13)

By definition, the total required SIC is:

SICtotal = P PA-out,UE − P SI-residual︸ ︷︷ ︸
(PRX,UE−SNRSI) (8)

(14)

Using Eqs.(6, 10, 13, and14) the total required SIC is:

SICtotal > 102 dB (15)

2) SIC1 (EBD Isolation): The criterion for a well designed
SIC1 is to sufficiently reduce the SI signal to a level where the
IM3 components of the LNA, with given noise and linearity
specifications, do not degrade SNRIM3-LNA from 23 dB.

The SNRIM3-LNA is calculated as below:

SNRIM3-LNA = PRX,UE − PIM3-LNA (16)

In which PRX,UE is determined in (10), and PIM3-LNA is the
input-referred power of IM3 components generated by the
LNA due to the strongest signal applied to the receiver, which,
in this case, is the SI signal after first SIC stage and will be
denoted by PSI-1.
PIM3-LNA can be related to the IIP3 of the LNA as below,

provided that the SI is modeled with two continuous wave
(CW) signals:

PIM3-LNA = 3PSI-1 − 2IIP3-LNA (17)

However, the assumption based on which (17) is extracted
is too simplistic for this modulation-based budget analysis as
the instantaneous power time variation are considerable and
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Fig. 3. (a) Simulation setup implemented in Simulink to extract the correction
factor (b) Input spectrum with 400 MHz and -47.4 dBm occupied bandwidth
and average channel power, respectively. (c) Output spectrum of the setup
signifying a channel power level of -114.7 dBm for the IM3 products. (d)
Input-referred power level of IM3 products versus input power, the blue curve
represents the simulation results and red curve is the predicted value by (17).

substitution of average power in (17) underestimates the power
level of IM3 products. Intuitively, the power level of the IM3
products can be confined between the below limits:

3PSI-1 − 2IIP3-LNA < PIM3-LNA < 3(PSI-1 + PAPR)− 2IIP3-LNA

(18)

In which PAPR determines the peak to average power ratio
and is a function of the modulation scheme. To estimate the
IM3 power with acceptable accuracy a correction should be
applied to (17). In this regard, MATLAB envelope simulation
for an OFDM 64-QAM 400 MHz signal with a sub-carrier
spacing (SCS) of 120 kHz, carried out in Simulink environ-
ment as displayed in Fig. 3(a); in which two amplifiers with
the identical gain values are excited with the similar output,
and the subtracted output are measured to extract the IM3
power. Figs. 3(b and c) illustrate the spectrum of the input
and output signals of the setup shown in Fig. 3(a), respectively.
Fig. 3(d) shows the input-referred power of the IM3 products
versus input power for estimated by simulation (blue curve)
and (17), resulting in an 8 dB correction. Thus, we arrive at:

PIM3-LNA = 3PSI-1 − 2IIP3-LNA + 8 (19)

By substituting (19) into (16), the PSI-1 is expressed as
below:

PSI-1 <
1

3
× (PRX,UE − SNRIM3-LNA + 2IIP3-LNA − 8) (20)

By definition, SIC1 is:

SIC1 > P PA-out,UE − 1

3
× (PRX,UE − SNRIM3-LNA

+ 2IIP3-LNA − 8)
(21)
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Assuming an IIP3 of -7 dBm for the LNA and using (6
and 10), to obtain an SNRIM3-LNA of 23 dB, the SIC1 should
be:

SIC1 > 42 dB (22)

3) SIC2 (RF SIC): The criterion to calculate SIC2 is that
the SI level must be sufficiently low to ensure that the IM3
components generated by mixer and base-band (BB) amplifier
are significantly below IM3 components produced by the LNA.
To meet this requirement and to cover the underestimation
issue mentioned in section II-B2, a 18 dB margin is taken into
account. This margin accounts for the 8 dB underestimation
of IM3 power, plus an additional 10 dB to ensure that the
aforementioned criterion is adequately satisfied. Consequently:

P IM3-RRX < P IM3-LNA + GLNA − 18 dB (23)

In which P IM3-RRX denotes the IM3 components generated by
the rest of the RX (RRX) and is determined as follows:

PIM3-RRX = 3(PSI-1 + GLNA − SIC2) − 2IIP3-RRX (24)

Substituting (24) into (23), we arrive at:

SIC2 >
2

3
× (OIP3-LNA − IIP3-RRX) + 6 (25)

Assuming a gain of 20 dB for LNA and an IIP3-RRX of -
15 dBm, 25 dB of SIC is adequate for the second stage of
cancellation.

4) SIC3 (Analog SIC): The role of this stage of the SI-
canceller is twofold: First, it addresses the issue of IM3
components from the PA that leak into the RX, contributing to
SNR degradation, along with the primary SI signal. Given the
unavailability of access to these IM3 components in the digital
domain, this stage is crucial to ensure adequate reduction of
the PA-generated IM3 components. Second, being the final
stage of analog domain SIC, it is essential to ensure that the
residual power of the SI signal falls within the dynamic range
of the ADC.

For PA-generated IM3 components, a 10 dB margin is
assumed, thus:

POIM3-PA − SIC1 +GLNA − SIC2 +GMixer +GBBAmp

− SIC3 < PIM3-LNA+Noise +GLNA +GMixer +GBBAmp + 10
(26)

Where POIM3-PA is the IM3 at the output of the PA, and
PIM3-LNA+Noise signifies the collective power of input-referred
receiver noise and input-referred LNA IM3 products in dBm.
Simplifying (26), the required SIC3 is calculated as follows:

SIC3 > POIM3-PA − PIM3-LNA+Noise − SIC1 − SIC2 + 10
(27)

In essence, (27) is general, and POIM3-PA encompasses any
undesired components produces by power amplifier, without
the restriction of being strictly third-order non-linearity.

Leveraging the PA specifications that will be presented in
this article with an OP1dB of +15 dBm with a power gain of
13.5 dB, a high-level MATLAB Simulink model is produced
with the setup shown in Fig. 3(a) yielding a simulated POIM3-PA
of 0 dBm. Using (27), the required SIC3 is 16 dB.
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Fig. 4. (a) The track of simulated power levels for desired signal, SI, IM3
product generated by RX, IM3 product generated by UE’s PA, and noise
through the link chain (SIC1 = 40 dB, SIC2 = 28 dB, SIC3 = 16 dB,
SIC4 = 10 dB, NFRX = 8 dB, IIP3-LNA = -7 dBm, IIP3-Mixer = 0 dBm,
IIP3-BBAmp = +5 dBm, and OP1dB-PA(UE) = +15 dBm). (b) Simulated
constellation of the signal from the BS end; the resulted %EVMrms is %3.
(c) Simulated constellation of the entire link; the resulted %EVMrms is %9.

To verify the second criterion mentioned above, the remain-
ing SIC (i.e. digital SIC) must be less than ADC dynamic
range. Thus,

DRADC = 6× (ENOB − 2) > (SICtotal − ΣSICi) (28)

Where ENOB is the ADC effective number of bits and
assumed to be 8 bit. Hence, by substitution of above-calculated
values into (28), it is assured that the SIC3 calculated based
on the first criterion fulfills the second criterion as well.

5) SIC4 (Digital SIC): The digital SIC can be calculated
by (29), resulting in 17 dB digital SIC requirement.

SIC4 > SICtotal − (SIC1 + SIC2 + SIC3) (29)

A comprehensive model of the link with the aforementioned
assumptions for each block specification is produced in MAT-
LAB Simulink environment. Fig. 4(a) illustrates the simulated
power level at different nodes through the link. The PA output
signal representing the BS transmitter with high-level specs
reported in [10] indicates simulated EVMrms of %3, which is
consistent with the results mentioned in [10]. Fig. 4(b) shows
the signal constellation at the output of the TX side of the link,
verifying the assumption of SNRTX(BS) = 30 dB discussed in
section II-B1. Moreover, the signal constellation of the entire
link is depicted in Fig. 4(c), and the resulted EVMrms for the
whole link is %9 reinforcing the entire presented link analysis.

This article aims to propose a solution for SIC1 using
electrical balance duplexer integrating a PA and LNA in 22 nm
CMOS FDSOI which provides enough transmitted power,
TX-RX isolation, and RX path gain across the bandwidth.
The following sections will elaborate design, analysis, and
measurement of the proposed duplexer.

III. CONCLUSION

This work presents an in-depth system-level investigation
into mm-Wave full-duplex transceivers, particularly analyzing
a receiver that integrates a four-stage self-interference cancel-
lation (SIC) mechanism. The study targets the optimization



5

of noise and linearity performance across each component of
the transceiver to prevent the self-interference (SI) signal from
impacting the error vector magnitude (EVM) for a 64-QAM
modulation scheme. Furthermore, each SIC stage’s required
cancellation level is determined to support practical noise
and linearity targets suitable for CMOS technology. These
calculated specifications are then verified through simulations
in MATLAB Simulink, confirming that each transceiver block
meets the outlined design criteria.
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