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Digitally-intensive transceivers for future
mobile communications—emerging trends
and challenges
R. S. Kanumalli, T. Buckel, C. Preissl, P. Preyler, A. Gebhard, C. Motz, J. Markovic, D. Hamidovic, E. Hager,
H. Pretl, A. Springer, M. Huemer

This article presents an overview of the major trends and challenges involved with the design of multi-band, multi-standard digitally-
intensive radio frequency transceivers for next generation mobile communications. In addition, we discuss in detail one aspect of the
implementation challenges, namely the occurrence and cancellation of self-interference especially in carrier aggregation modes. For
that, we present a novel digital cancellation technique to jointly compensate the self-interference caused by transmit (Tx) modulated
spurs and Tx second order intermodulation distortion products (IMD2) in the receiver. This architecture exploits the underlying relation
between both types of interference and offers a low-complexity solution to mitigate the Tx-IMD2 interference. Simulation results show,
that the proposed technique significantly suppresses both types of interference and restores the signal-to-noise ratio of the wanted
signal within 0.3 dB from its value in the absence of interference, thereby achieving 30 dB of cancellation.

Keywords: RF; mobile communications; wireless communications; signal processing; interference cancellation; carrier aggregation

Digital unterstützte Hochfrequenz-Transceiver für den Mobilfunk der Zukunft – Trends und Herausforderungen.

Dieser Artikel gibt zunächst einen Überblick über aktuellen Trends und Herausforderungen bei der Entwicklung von Multi-Band,
Multi-Standard HF-Transceivern für die nächste Mobilfunk-Generation, die einen hohen Anteil an digitaler Elektronik aufweisen. Im
Anschluss wird im Detail auf ein spezielles Problem solcher Transceiver eingegangen, nämlich der Selbst-Interferenz, die durch den eige-
nen Sender verursacht wird und die vor allem im Carrier Aggregation-Modus auftritt. Die Problematik wird nicht nur detailliert erklärt,
diese Arbeit präsentiert auch eine Methode zur Unterdrückung von Selbst-Interferenz mit den Mitteln der digitalen Signalverarbei-
tung. Der Algorithmus kann die durch den Sender verursachte so genannten “Modulated Spurs” und zusätzlich daraus entstehende
Intermodulations-Produkte zweiter Ordnung kompensieren. Simulationsergebnisse zeigen, dass der vorgestellte Algorithmus beide
Arten von Interferenz bei vertretbarem Rechenaufwand gut unterdrücken kann. Das Signal-Rausch-Verhältnis des gewünschten Emp-
fangssignals erreicht bis auf eine Differenz von 0,3 dB den ursprünglichen Wert, was einer Unterdrückung der Interferenz um 30 dB
entspricht.

Schlüsselwörter: Hochfrequenz; Mobilkommunikation; drahtlose Kommunikation; Signalverarbeitung; Interferenz-Unterdrückung;
Carrier Aggregation
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1. Introduction
Next generation radio frequency (RF) transceivers are intended to
support future wireless standards featuring peak data rates up to
several Gbps, low-latency, high spectral efficiency, more network re-
liability, and co-existence of heterogeneous radio access technolo-
gies (RATs). It is envisioned that a variety of technologies in the ar-
eas of networks, air interfaces, and devices together will be inte-
grated in future. In addition, exploitation of new spectrum in the
sub-6 GHz in combination with improved spectral efficiency given
by higher-order multi-carrier based channel access and modulation
schemes as well as massive multiple-input/multiple-output (MIMO)
will enable to significantly increase the mobile link throughput. The
maximum bandwidth aggregated by LTE will increase beyond sev-
eral hundreds of MHz by 2020, which will have major impact on the
5G RATs in the sub-6 GHz region. The needs to enhance cell edge
performance will also drive devices to increase the number of sup-
ported antenna ports, for both long term evolution (LTE) and any
new 5G RAT. This imposes a huge number of challenges in order to
build power efficient RF transceivers incorporating these diversified

30 heft 1.2018 © The Author(s) e&i elektrotechnik und informationstechnik

Kanumalli, Ram Sunil, Danube Mobile Communications Engineering, 4040 Linz, Austria
(E-mail: ram.s.kanumalli@intel.com); Buckel, Tobias, Danube Mobile Communications
Engineering, 4040 Linz, Austria; Christian Doppler Laboratory for Digitally Assisted RF
Transceivers for Future Mobile Communications, NTHFS, Johannes Kepler University Linz,
Linz, Austria; Preissl, Christoph, Danube Mobile Communications Engineering,
4040 Linz, Austria; Preyler, Peter, Danube Mobile Communications Engineering,
4040 Linz, Austria; Gebhard, Andreas, Christian Doppler Laboratory for Digitally
Assisted RF Transceivers for Future Mobile Communications, ISP, Johannes Kepler
University Linz, Linz, Austria; Motz, Christian, Christian Doppler Laboratory for Digitally
Assisted RF Transceivers for Future Mobile Communications, ISP, Johannes Kepler
University Linz, Linz, Austria; Markovic, Jovan, Danube Mobile Communications
Engineering, 4040 Linz, Austria; Hamidovic, Damir, Christian Doppler Laboratory for
Digitally Assisted RF Transceivers for Future Mobile Communications, NTHFS, Johannes
Kepler University Linz, Linz, Austria; Hager, Ehrentraud, Christian Doppler Laboratory for
Digitally Assisted RF Transceivers for Future Mobile Communications, IIC, Johannes Kepler
University Linz, Linz, Austria; Pretl, Harald, Danube Mobile Communications
Engineering, 4040 Linz, Austria; Springer, Andreas, Christian Doppler Laboratory for
Digitally Assisted RF Transceivers for Future Mobile Communications, NTHFS, Johannes
Kepler University Linz, Linz, Austria; Huemer, Mario, Christian Doppler Laboratory for
Digitally Assisted RF Transceivers for Future Mobile Communications, ISP, Johannes Kepler
University Linz, Linz, Austria

http://crossmark.crossref.org/dialog/?doi=10.1007/s00502-017-0576-1&domain=pdf
mailto:ram.s.kanumalli@intel.com


R.S. Kanumalli et al. Digitally-intensive transceivers for future mobile communications. . . ORIGINALARBEIT

Fig. 1. Block diagram of an LTE transceiver employing a polar trans-
mitter

features. Industry and academia have already shifted their focus to-
wards designing more flexible and reconfigurable transceivers and
RF front-ends to reduce costs for external components while at the
same time supporting multi-band, multi-standard features.

Cellular RF integrated circuits (ICs) in mobile handsets are usually
implemented in ultra-deep submicron complementary metal-oxide-
semiconductor (CMOS) technology. While RF transceivers were al-
most purely analog components around 15 years ago, a significant
shift towards digitally assisted transceivers has occurred since then.
With shrinking process technology digital circuits profit significantly
in terms of clock speed, power consumption and chip area. The per-
formance of the analog and RF circuits, however, decreases with
shrinking transistor size, leading to an increasing gap between the
digital and analog performance. Thus applying DSP in RF transceivers
is a natural choice. Either digital signal processing (DSP) assists the RF
circuits, e.g. by improving performance, or cancelling interference,
or one can find a digital replacement of analog building blocks.
Several digital-intensive transmitter and receiver architectures have
been developed [1], replacing analog functionality by digital circuits.
Compared to analog implementations, these architectures show a
reduced process, voltage and temperature dependency, better scal-
ability and simplified system re-configurability. Nowadays more and
more sophisticated and adaptive DSP blocks are investigated and
developed for RF transceivers since requirements are increasing dra-
matically. Many of the emerging problems can be solved with the
aid of DSP solutions.

Figure 1 depicts a high level view of a state-of-the-art single band
LTE RF transceiver. Here the transmit (Tx) signal is generated by a
polar transmitter where the phase-modulated output of the phase
locked loop (PLL) is combined with an amplitude-modulated signal
and fed to the power amplifier (PA) [2]. The phase- and amplitude
modulation information of the Tx signal are provided by the digital
front-end (DFE). The off-chip components at the transmitter side
are the PA used to amplify the transmitted signal and the duplexer,
which is separating the Tx and receive (Rx) signals. On the Rx side
the received RF signal is amplified by the low noise amplifier (LNA)
which is connected to the duplexer by a matching network. Two Rx
mixers driven by two 90◦ phase shifted local oscillator (LO) signals
are recreating the complex valued in-phase quadrature-phase (IQ)-
data from the received signal, which is then further processed by the
DFE.

2. Trends and challenges
As highlighted in Fig. 1, the three central blocks in the RF transceiver
are the PLL, Tx, and Rx subsystems. The following section provides
an overview of the recent advances and challenges involved in those
sub-systems.

2.1 RF digital-PLL
Major building blocks in RF transceivers are the PLLs necessary to
stabilize the LOs which generate the RF carrier signals utilized for
up- and down-conversion in Tx and Rx sub-systems. A PLL can be
operated in different modes. One is the synthesizer mode where the
PLL generates a constant but adjustable RF carrier frequency from a
stable and low-noise reference clock. The main requirements for the
generated RF carrier signal are low phase noise/timing jitter and low
spurious emissions. The other mode is as a phase modulator which
is a central block in polar transmitters. In this mode the PLL is used
to generate the phase modulated signal which is then recombined
with the amplitude modulation signal in the PA or the RF digital-to-
analog converter (RF-DAC). Aside of low phase noise and spurious
emissions, proper wide-band phase modulation and suppression of
spectral images is of utmost importance here to achieve sufficiently
low in-band and out-of-band signal distortion after recombining the
phase modulated RF carrier with the amplitude modulation signal.

State-of-the-art RF synthesizers for mobile handset applications
are usually realized as fractional-N RF Digital-PLLs (RF-DPLLs). Here
the PLL control loop consists of at least a phase detector realized
by means of a time-to-digital converter (TDC), a loop filter and a
digitally-controlled oscillator (DCO). Most building blocks are real-
ized by digital circuitry with the DCO and TDC being the only re-
maining mixed-signal building blocks [3]. The phase modulation is
usually realized by means of two-point modulation where the sig-
nal is injected into the digital control loop at two points in order
to achieve a flat and wide-band transfer characteristic of the phase
modulator. RF-DPLL based phase modulators covering a multitude
of cellular frequency bands, standards and modulation schemes are
presented e.g. in [2, 4].

With the evolution in cellular mobile communication standards,
the requirements on RF transceivers and thus also on RF-DPLLs in-
crease. Due to the need of supporting several cellular RATs, carrier
aggregation (CA) and MIMO antenna technology, a multitude of
Tx and Rx chains with simultaneous operation have to be imple-
mented in the transceiver. Therefore, several RF-DPLLs including mul-
tiple DCOs are required to cover all cellular frequency bands ranging
from 700 MHz up to 6 GHz. The challenge here is to reduce the
number of PLLs and DCOs to avoid problems arising from simulta-
neous operation like crosstalk due to magnetic coupling, but also
to reduce area and power consumption. This can for example be
achieved by utilizing digital-to-time converters (DTCs) [5] generating
multiple, independently adjustable carrier signals from one common
LO clock generated by a single PLL [6]. In addition, synthesizers with
lower phase noise will be required since higher order modulation
schemes like 256-QAM and 1024-QAM are included in the LTE and
5G standards to cope with the ever increasing requirements on data
rates and spectral efficiency.

In order to utilize the RF-DPLL as phase modulator, several chal-
lenges arise. First, the limited tuning range of the DCOs and their
inherent nonlinearity complicate the utilization with increasing sig-
nal bandwidths. Second, the two-point modulation requires precise
path matching since an exponential increase in signal distortion is
observed for increasing signal bandwidths and mismatches between
the modulation paths [7]. Like for the synthesizer, DTCs could be uti-
lized here too, avoiding two-point modulation of the RF-DPLL con-
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trol loop with the effect of significantly reducing the required DCO
frequency tuning range.

2.2 Transmitters
The transmitter generates a modulated RF carrier with adjustable
power, sufficiently low in-band distortion and out-of-band spectral
emissions from a band-limited digital input signal. Traditionally, the
transmitter system has been strictly divided into digital and analog
parts [1].

To benefit from shrinking process structures and to achieve a
high degree of reconfigurability, digital-intensive approaches reduc-
ing the number of analog components have been developed.

Among the published architectures and CMOS implementations,
which are evolving quickly, digital-polar-, digital-quadrature- and
pulse-encoding-based switched-mode transmitter systems are most
commonly found and have been proven feasible for wireless com-
munications [8, 9]. Pulse encoding approaches generally require ad-
ditional high-Q filtering after RF signal generation since a consid-
erable amount of quantization noise arises out-of-band. Therefore,
digital-quadrature and digital-polar architectures utilizing high dy-
namic range RF-DACs have become popular due to their superior
out-of-band performance and output power tuning range. The RF-
DAC introduced in [10], combining the functionality of the base-
band DAC and the RF mixer, represents a key element of digitally
intensive transmitter architectures [8] allowing for an efficient im-
plementation on a single die and leveraging the benefits of CMOS
technology scaling.

Whereas first RF-DAC implementations have been based on
current steering DACs, latest designs for operation in the sub-
6 GHz bands are usually based on switched capacitor circuits, called
C-DACs [11]. One of the main reasons for that is given by the ex-
ploitation of precise capacitance ratios and better shrinking capa-
bilities with process technology in comparison to designs based on
current steering. Also, an essential benefit of C-DACs is their supe-
rior amplitude-to-amplitude and amplitude-to-phase linearity. The
linearity represents an important requirement of circuits designed
for spectral-efficient communication standards like LTE due to the
non-constant envelope modulation originating from the specified
channel access and modulation schemes in combination with in-
band and out-of-band emission requirements.

Recently, a digitally-intensive multi-band, multi-standard cellu-
lar polar transmitter implemented in 28 nm CMOS utilizing RF
C-DACs [12] with external PAs and two-point phase modulated
RF-DPLL [4] has been shown to support 40 MHz contiguous intra-
band carrier aggregation in LTE-A uplink while also covering 2G
and 3G cellular standards. The current trend in RF-DAC design for
digitally-intensive transmitter architectures is to increase their output
power by embedding the PA functionality on chip (RF-DPA). How-
ever, no RF-DPA implementations covering LTE-A with sufficient dy-
namic range, output power and large bandwidth support have been
shown yet.

2.3 Receivers
The Rx subsystem in the transceiver is responsible for the down-
conversion and demodulation of the desired RF signal in the pres-
ence of unwanted noise and blockers. In the early years of com-
munications the receivers used super-heterodyne architectures and
large numbers of external analog filter components. However, with
the tendency of chip integration and increased digital functionality,
homodyne architectures, where the RF signal is directly downcon-
verted to baseband, are used in state-of-the-art receivers.

Fig. 2. Tx induced modulated spurs and IMD2 interference illustra-
tion in a downlink LTE-CA FDD direct conversion transceiver

In recent years, much attention has been paid towards the digiti-
zation of the receivers using wideband RF-ADCs [13, 14] and post-
processing with sophisticated DSP concepts. This imposes a huge
challenge in designing ADCs to meet the requirements such as lin-
earity and dynamic range. In order to fulfill the strong and con-
tinuous demand for high data rates and to provide great flexibil-
ity to mobile operators, CA has been introduced in LTE-Advanced
mobile communication systems [15]. Mobile transceivers which em-
ploy CA can simultaneously aggregate several carriers operating in
different LTE bands to form a single larger aggregated bandwidth
which may reach up to 100 MHz, thereby achieving high data rates
up to 1 Gb/s and 500 Mb/s for the downlink and uplink, respec-
tively [16]. With the continuous addition of new bands, the num-
ber of CA band combinations that an RF transceiver has to support
has tremendously increased. To enable the CA feature, RF receivers
should employ several Rx chains that have to be operated simul-
taneously. In addition, all the Rx chains have to be designed quite
flexible and reconfigurable so that each chain can support multiple
bands covering a wide frequency range. However, implementing CA
in the mobile user equipments has given raise to several interference
issues that desensitize the receiver.

Previous works investigate some of those problems which are
tackled using DSP techniques [17–21]. Another critical issue that
appears is the Tx modulated spur interference problem that occurs
in LTE-CA frequency division duplex (FDD) transceivers [22, 23]. In
addition, due to the non-linearities in the receiver Tx-induced sec-
ond order intermodulation distortion (IMD2) interference can ap-
pear [24, 25]. In the remaining part of this article, we focus on a
novel joint mitigation of Tx-modulated spur and IMD2 interference
for LTE-CA direct-conversion receivers. The proposed low-complex
digital cancellation technique can be applied in the presence of Tx
modulated spurs, and exploits the underlying relation between the
two types of interference.

3. Self-interference model
Figure 2 illustrates the generation of Tx modulated spur and Tx-
IMD2 interferences in the Rx baseband in a CA transceiver employ-
ing a direct-conversion receiver. In FDD transceivers, the Tx and Rx
paths are connected to the common antenna via the duplexer. If
the Tx signal leaks through the duplexer to the receiver without any
further attenuation, it will completely damage the sensitivity of the
receiver. The duplexer needs to be a very high-Q band pass (BP) filter
to select the Rx signal and suppress the Tx signal. A state-of-the-art
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Fig. 3. Block diagram of the simplified transceiver considered for baseband modeling of the Tx modulated spur and Tx-IMD2 interference

duplexer provides Tx-Rx isolation of around 55 dB. In reference sensi-
tivity scenario, where the Tx power level at the PA can reach as much
as 27 dBm, the power of leaked Tx signal at the receiver input can
reach up to −28 dBm due to limited Tx-Rx isolation. Furthermore,
because of the presence of several clock sources and dividers to sup-
port the different bands for different CA scenarios, many harmonics
are generated on the chip. Although an optimum routing of the
clock lines in the layout helps in isolating the clocks, the crosstalk
between the harmonics seems to be unavoidable because of the
chip area constraints. This crosstalk generates so called continuous
wave (CW) spurious signals (spurs). If a CW spur appears at the chip
area where the Rx LO resides, and its frequency is close to the Tx
frequency, it mixes down the Tx leakage signal to Rx baseband re-
sulting in a so called Tx modulated spur self-interference. In addition,
due to the non-linearities in the down conversion mixer unwanted
IMD2 distortion components from the leaked Tx signal are produced
around DC and at higher frequencies. Although, the Tx-IMD2 dis-
tortion components at higher frequencies are filtered away by the
base band filtering stages while the distortion component around
DC will directly interfere with the wanted signal and degrades its
SNR. Figure 3 illustrates the block diagram of the transceiver that
we consider to derive an equivalent baseband signal model of the
addressed modulated spur and IMD2 self-interference.

3.1 Baseband modeling of the self-interference
Consider xTx

BB(t) as the digital complex baseband Tx signal. After up-
converting this signal to the carrier frequency ftx and amplification
by the PA with gain A, the Tx signal at the antenna output is ex-
pressed as

xTx
RF(t) = A�{

xTx
BB(t)ej2πftxt}. (1)

Due to the limited Tx-Rx isolation of the duplexer, some part of the
Tx signal leaks through the duplexer stop band and appears at the
Rx path input. The leaked Tx signal is given by

yTxL
RF (t) = xTx

RF(t) ∗ hTxL
RF (t), (2)

where hTxL
RF (t) represents the impulse response of the duplexer Tx-Rx

leakage channel. The symbol ‘∗’ denotes the convolution operation.
Figure 4 depicts the measured Tx-Rx channel of a commercial LTE
band3 duplexer when the antenna port is matched to 50 �. The Tx
and Rx frequency ranges of LTE band3 are given as 1710–1785 MHz

Fig. 4. Measured Tx-Rx isolation of the LTE band3 duplexer when the
antenna port is matched to 50 �

and 1805–1880 MHz, respectively. The Tx-Rx attenuation is around
55 dB, however, the frequency response within the Tx stop band is
highly frequency selective. Due to this behavior, the leaked Tx sig-
nal yTxL

RF (t) is heavily distorted by the duplexer stop band frequency
response. Using the equivalent baseband impulse response of the
duplexer leakage channel hTxL

BB (t), the leaked Tx signal from (2) can
be rewritten as

yTxL
RF (t) = A�{(

xTx
BB(t) ∗ hTxL

BB (t)
)
ej2πftxt}, (3)

and the corresponding equivalent baseband signal results in

yTxL
BB (t) = A

(
xTx

BB(t) ∗ hTxL
BB (t)

)
. (4)

By considering the wanted signal yRx
RF (t) at the carrier frequency frx

and the thermal noise wRF(t), the total received signal at the Rx LNA
input can be written as

yLNA,in
RF (t) = yTxL

RF (t) + yRx
RF (t) + wRF(t). (5)

Due to the non-linear behavior of the LNA and the in-phase and
quadrature-phase (IQ) down-conversion mixer stages, several sec-
ond order signal components are generated. Therefore, at the mixer
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Fig. 5. Block diagram of the proposed joint Tx modulated spur and Tx-IMD2 interference cancellation architecture

output, in addition to the down converted received signal the unde-
sired IMD2 signal components are also present. The total signal at
the mixer output can be expressed as

yMix,op
BB (t) = Glnag1yLNA,in

RF (t)e−j2πfrxt

+ Glnag2
(
yLNA,in

RF

)2(t), (6)

where Glna denotes the gain of the LNA. The coefficients g1 and g2

represent the conversion gain of the mixer for the received signal
and the 2nd order signal components, respectively [24]. Due to the
mismatches in the baseband IQ branch, the generated IMD2 distor-
tion is scaled different in both the paths. Therefore, the coefficient
g2 is complex valued. The real and imaginary part of the g2 are
determined by the receiver gain and the 2nd order input intercept
point (IIP2) of the I and Q mixer and can be written as [24]

g2 = g1√
2IIP2MIX

I

+ g1√
2IIP2MIX

Q

. (7)

The term (yLNA,in
RF )2(t) can be expanded using (5) and is given by
(
yLNA,in

RF

)2(t) = (
yTxL

RF

)2(t) + (
yRx

RF

)2(t) + (wRF)2(t)

+ wRF(t)yTxL
RF (t) + wRF(t)yRx

RF (t)

+ yTxL
RF (t)yRx

RF (t). (8)

In the reference sensitivity scenario, as the wanted signal is very
weak, the IMD2 of it is very low and can be ignored and similarly, the
IMD2 of the thermal noise can be neglected. As there is a baseband
filtering stage before the ADC, the 4th, 5th and 6th terms in (8) are
significantly suppressed by this filtering stage and thus can also be
ignored. The only signal that drives the strong non-linearity is the Tx
leaked signal. With these simplifications, (8) can be written as

(
yLNA,in

RF

)2(t) ≈ (
yTxL

RF

)2(t). (9)

In addition, at the mixer output an unwanted Tx modulated spur
interference may be generated due to the cross talk between several
clock sources as mentioned earlier. By considering the unwanted
spur at the frequency fsp and the gain of the spur as Gsp, the Tx
modulated spur at the mixer output is given by

ySP
BB(t) = Gsp

(
yTxL

RF (t)e−j2πfspt). (10)

By adding the Tx modulated spur to the mixer output signal and
using (6), (9), and (10), the total signal before the Analog-to-Digital
Conversion (ADC) can be expressed as

yTot
BB (t) = Glna

(
g1yLNA,in

RF (t)e−j2πfrxt + g2
(
yTxL

RF

)2(t)
)

+ Gsp
(
yTxL

RF (t)e−j2πfspt). (11)

By inserting (3), (4), and (5) in (11) and performing some simplifica-
tions, the total received signal in discrete time domain is described
as

yTot
BB [n] = g1Glna

2
yRx

BB[n] + g1Glna

2
wBB[n]

+ AGsp

2

((
xTx

BB[n] ∗ hTxL
BB [n]

)
e

j2π f�n
fs

)

+ g2GlnaA2

2

∣∣(xTx
BB ∗ hTxL

BB

)∣∣2[n], (12)

where yRx
BB[n] and wBB[n] represent the baseband equivalents of the

wanted signal and the noise, respectively. The baseband spur offset
is f� = ftx − fsp, and the sampling frequency is denoted by fs. We
can observe, that the third- and fourth-term in (12) represent the Tx
modulated spur and Tx-IMD2 interference, respectively.

3.2 Proposed digital interference cancellation
Figure 5 illustrates the proposed digital interference cancellation ar-
chitecture employed in the Rx baseband. The cancellation is carried
out in two steps and is described in the following.

Stage 1: Tx modulated spur cancellation
In this stage, the Tx modulated spur is estimated by using the origi-
nal baseband Tx as the reference signal. As the modulated spur has
some frequency offset, the original Tx signal is frequency shifted be-
fore doing the estimation process. A least squares (LS) estimator is
used to estimate the filter coefficients. The modulated spur replica is
obtained by filtering the original Tx signal with the estimated filter.
This replica is then subtracted from the received signal to suppress
the modulated spur interference.

This procedure is now expressed analytically. Note, that during
the estimation process in stage 1, except for the modulated spur
term in (12), the rest of the signal components act as noise for the
estimation and therefore can be combined into a single noise source.
By doing some simplifications, (12) can be written in matrix/vector
form as

yTot
BB = XTxS

BB hTot
BB + w′

BB, (13)

where XTxS
BB represents the convolution matrix that can be con-

structed from the frequency shifted Tx signal vector xTxS
BB . The overall

channel coefficients vector is denoted by hTot
BB = [h0,h1, . . . ,hM−1]T.

The signals yTot
BB and w′

BB represent the total received signal and the
noise signal vectors, respectively. The above equation forms the stan-
dard linear model with the parameter vector hTot

BB to be estimated.
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An LS estimator can be formulated as

ĥ
Tot
BB = ((

XTxS
BB

)HXTxS
BB

)−1XTxS
BB yTot

BB , (14)

where (·)H denotes the Hermitian transpose. By using this estimated
channel coefficients, the estimated modulated spur signal in discrete
time form can be derived as

ŷsp
BB[n] = (

xTxS
BB [n]

)Tĥ
Tot
BB . (15)

This estimated signal is then subtracted from the total received signal
in (12) to cancel the modulated spur interference in the received
signal.

Stage 2: Tx-IMD2 cancellation
In this stage, we propose to use the squared envelope of the esti-
mated modulated spur signal given in (15) as the reference signal to
estimate the Tx-IMD2 interference. This is in contrast to the existing
schemes [24, 25], where the original Tx signal is used to estimate the
IMD2 interference. As will be shown below, the proposed Tx-IMD2
cancellation scheme has a very low complexity employing only a sin-
gle tap filter to estimate the interference.

From (12) the IMD2 interference signal can be written as

yImd2
BB [n] = g2GlnaA2

2

∣∣(xTx
BB ∗ hTxL

BB

)∣∣2[n]. (16)

By considering the modulated spur interference in Rx baseband as
yMod,sp

BB [n] and using (12), the term xTx
BB ∗ hTxL

BB [n] can be expressed as

xTx
BB ∗ hTxL

BB [n] = 2
AGsp

yMod,sp
BB [n]e

−j2π f�n
fs . (17)

By substituting (17) in (16), the IMD2 interference can be re-written
as

yImd2
BB [n] = g2GlnaA2

2

∣∣∣∣
2

AGsp
yMod,sp

BB e
−j2π f�n

fs

∣∣∣∣

2

[n],

= gs
∣∣yMod,sp

BB

∣∣2[n], (18)

where gs is the complex coefficient that describes the total scaling
value. The real and imaginary parts of gs represent the scaling of
the IMD2 interference in I and Q branch, respectively. Note, that the

envelope of the phase rotation term e
−j2π f�n

fs is 1 and therefore, it
is neglected in (18) (i.e., stage 2 processing). From (18), it is evident
that the IMD2 interference can be estimated using the Tx modu-
lated spur. As the modulated spur signal is estimated in stage 1 of
the proposed cancellation scheme given in (15), its envelope of it is
generated followed by a single tap filter. This filter coefficient can
again be estimated by using an LS estimator as

ĝs = ((
diag

(
ŷsp_env

BB

))H diag
(
ŷsp_env

BB

))−1

diag
(
ŷsp_env

BB

)
yTot_stg1_op

BB , (19)

where ŷsp_env
BB is the envelope of the estimated modulated spur sig-

nal and yTot_stg1_op
BB is the remaining signal in the Rx path after the

stage 1 cancellation. By further simplifying (19), the final estimator
can be written as

ĝs = (̂ysp_env
BB )TyTot_stg1_op

BB

(̂ysp_env
BB )Hŷsp_env

BB

. (20)

From (20), the IMD2 estimated signal can be derived as ŷimd2
BB [n] =

ŷsp_env
BB [n]̂gs, which is then subtracted from the remaining received

signal.

Fig. 6. Power spectral density (PSD) of the Rx signal with self-inter-
ference and ideal received signal

4. Simulation results and discussion
For a proof of concept, the proposed digital cancellation architecture
is evaluated with numerical simulations. The SNR improvement that
is achieved at the output of each stage in the presented compen-
sation architecture is discussed. For that, a MATLAB based LTE-FDD
transceiver simulation chain is used where the behavior of each com-
ponent in the chain is modeled to reflect realistic conditions. The
synthesized impulse responses of the measured S-parameter data of
a commercial LTE band 3 duplexer is used in the RF-front end. The
Tx-Rx stop band response of the considered duplexer is as shown in
Fig. 4.

To obtain a strong interference level in the Rx, the transceiver is
operated in the reference sensitivity mode. The wanted signal and
the Tx signal levels at the antenna are considered at −100 dBm and
+23 dBm, respectively. The receiver gain is set to 32 dB. In addi-
tion, the receiver 2nd order intercept point (IIP2) is set at +35 dBm.
An LTE 20 MHz full resource block (RB) allocated signal is used for
both the wanted and the Tx signals. The RF blocks in the simula-
tion chain are operated at a sampling frequency of 1.228 GHz. The
Rx baseband is operating at an oversampling factor of 2 that rep-
resents a sampling frequency of 61.44 MHz. The center frequencies
of the Tx and Rx carriers are at 1842.5 MHz and 1747.5 MHz, re-
spectively. For simplicity, the noise figure (NF) of the receiver is set
to 0 dB. Therefore, the only noise source in the receiver other than
the considered interferences is the thermal noise with a power of
−101.4 dBm within a 20 MHz LTE channel. Note, that the effective
occupied bandwidth (BW) for a full RB allocated LTE20 wanted sig-
nal is 18 MHz. For that reason, all our SNR and SNIR evaluations are
based on 18 MHz channel BW.

Figure 6 shows the spectrum of the baseband Rx signal when
there is no interference (i.e., ideal case) and also when the interfer-
ence is active. Without interference we only have the wanted signal
and the thermal noise within the whole Rx signal. Therefore, in the
ideal case, the SNR of the wanted signal is calculated as 1.4 dB. If
the interference is active, the wanted signal is completely masked
by the huge interference induced by the Tx-modulated spur and the
Tx-IMD2 signal components. Note, that the Tx-modulated spur in-
terference level is kept 20 dB above the wanted signal power level.
In addition, the frequency offset of the spur in the baseband is con-
sidered to be at 2 MHz (i.e., f� = 2 MHz) as can be observed from
the figure. The SNIR of the wanted signal in the presence of those
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Table 1. Performance metrics of the proposed digital interference cancellation architecture

Wanted signal level
antenna referred
(dBm)

Rx SNR (dB)
without
interference

Rx SNIR (dB)

Before interference
cancellation

After mod. spur
cancellation (Stage 1)

After Tx-IMD2
cancellation (Stage 2)

−100 1.4 −19.5 −4.8 1.1
−90 11.4 −9.5 5.2 11.1
−80 21.4 0.5 15.2 20.9
−70 31.4 10.5 24.5 30
−60 41.4 20.5 33.7 36.7
−50 51.4 30.5 39.3 40.5

Fig. 7. PSD of the Rx signal before and after cancellation of the Tx
modulated spur interference by the proposed digital cancellation ar-
chitecture (after stage 1)

two interferences is calculated as −19.50 dB. The proposed cancel-
lation technique is expected to recover the wanted signal SNR and
is discussed in the following.

The spectrum of the Rx signal before and after the modulated
spur interference cancellation is illustrated in Fig. 7. This cancellation
is performed at stage 1 of the proposed architecture, where a 16 tap
filter is used to estimate the channel. It can be observed, that the
modulated spur is significantly suppressed from the Rx signal while
the Tx-IMD2 interference is still visible in the spectrum. The Tx-IMD2
interference is treated in the next stage of the cancellation. The SNIR
of the wanted signal after modulated spur cancellation is measured
as −4.8 dB which shows a significant improvement compared to
the case of no cancellation. It is worth to note, that in stage 1, all
signals except the modulated spur act as a noise for the estimation.
However, in stage 2, since the modulated spur is already suppressed
significantly, ideally only the wanted signal and the thermal noise
components act as a noise for the Tx-IMD2 filter estimation process.

In stage 2, a 1 tap filter is used to generate the IMD2 replica from
the reference signal which is a major advantage of the proposed
scheme in terms of computational complexity. Figure 8 depicts the
spectral plot of the Rx signal before and after the IMD2 cancellation
along with the ideal Rx signal. It can be observed, that the IMD2 in-
terference is suppressed to the noise floor and the resulting Rx signal
spectrum comes very close to the ideal Rx signal. To express the per-
formance in numbers, the SNIR of the wanted signal after Tx-IMD2
cancellation is 1.1 dB which is within a 0.3 dB range of the wanted

Fig. 8. PSD of the Rx signal before and after cancellation of the Tx
IMD2 interference by the proposed digital cancellation architecture
(after stage 2)

signal SNR without any interference. The proposed joint compensa-
tion scheme suppresses both types of interferences by 30.5 dB from
the Rx signal. In order to evaluate the robustness of the proposed
cancellation scheme, further simulations are performed with various
antenna referred wanted signal levels ranging from −100 dBm to
−50 dBm in the increasing steps of 10 dB. The evaluation results are
summarized in Table 1.

5. Conclusion
In this article, we presented an overview of various key aspects
and challenges involved in the design of a digital-intensive wire-
less transceiver with a special focus on the three major subsystems,
namely, Tx, Rx, and PLL. Furthermore, we discussed in detail the
origin of two types of self-interference, a critical issue that promi-
nently appears in LTE-CA transceivers when operating in FDD mode.
To mitigate such, we proposed a novel digital self-interference can-
cellation technique that exploits the underlying relation between
the two types of interferences and offers a low-complex and flex-
ible solution. The performance of the proposed technique was eval-
uated through simulations with measured duplexer characteristics
and at various wanted signal levels. It was shown, that in the ref-
erence sensitivity scenario this architecture effectively cancels the
self-interference and restores the SNR of the wanted signal within a
0.3 dB range from its value in the absence of the self-interference.
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