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Abstract—Wireless transmission signals need to comply with
spectrum masks usually defined in standards for the associ-
ated wireless systems and frequency bands. A spectrum mask
typically consists of the main spectrum part intended for the
communication signal and spectrum skirts to regulate spurious
emissions and permit adjacent channel usage. Interestingly, the
spectrum skirts can also be used to notably improve the data
rate if the signal-to-noise ratio in the transmission link is fairly
high and adjacent frequency channels are unused. These two
conditions are met with high probability in fixed microwave
transmission links. For this reason, in this paper, we propose
two communication methods that take advantage of these unused
sidebands. The methods are modular in that a secondary signal
which occupies the skirts of the spectrum mask is added to
the main data signal. The first method uses superposition and
adds a secondary low-power signal to the primary high-power
signal with spectral overlap. The second method uses a multi-
carrier transmission approach with custom pulse shapes for the
sidebands to fit under the spectrum mask. We compare the
performance of these methods in terms of achievable rate with
that for conventional microwave transmission not using spectrum
skirts under realistic conditions. In particular, to highlight the
benefits of our approach, we consider practically relevant levels
of local oscillator phase noise, which is the limiting factor when
selecting the order of modulation used in microwave systems.

Index Terms—Microwave transmission systems, spectrum
skirts, superposition transmission, multi-carrier transmission.

I. INTRODUCTION

The insistent rise of mobile data service demands contin-
uously increases the data requirements for global communi-
cation networks. Furthermore, the fifth generation of wireless
communications places greater emphasis on data requirements
for use cases such as ultra-reliable low-latency communica-
tions and massive machine type communications in Internet-
of-Things devices. Gradually over the years, the bottleneck
of radio access network capacity has shifted from the radio
interface to the backhaul network.

Backhaul links are commonly established either by high
capacity optical fibre lines, or low cost fixed microwave
wireless links. While optical fibre can achieve significantly
higher data rates and larger capacities, the high cost of
deployment and the geographical installation constraints are
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restrictive. On the other hand, microwave links can be quickly
deployed and require a lower capital expenditure compared to
fibre. Also, microwave transmission is the preferred medium
for the backhaul of the next generation of cellular networks
in cases where optical fibre links cannot be deployed [1].
However, microwave transmission requires spectrum leasing,
which raises the operating expense of the network.

Frequency spectrum regulations in microwave transmission
bands ensure that systems operating in adjacent frequency
channels do not interfere with one another. However, it is
observed in many higher frequency microwave links that
channels which are used in the same transmission hop have
unoccupied neighbouring channel slots. For example, our anal-
ysis of the latest spectrum allocation database in the 18 GHz
band in the USA [2] showed that only 1.2% of fixed point-to-
point transmit channels have active neighbours. Similar results
have been found for microwave bands in Canada and the UK
for example [3, Fig. 1]. Hence, from the perspective of a
communication link there is no interference from a neigh-
bouring channel in the spectrum skirt regions. At the same
time, the signal-to-noise ratio (SNR) levels experienced by
fixed microwave links are, for the majority of time, sufficiently
high to support reliable communication in spectrum skirts. For
example, fixed microwave links experience SNRs of around
45-50 dB and higher for 99% of the time in a year [4].

We propose using the spectrum skirts for data transmission
to increase the data rate achievable within a single microwave
transmission channel without additional costs for licenses. In
previous work [3], some of us have developed single-carrier
pulse-shaped transmission to leverage this opportunity. In this
paper, we introduce two alternative transmission methods that,
different from [3], consist of the conventional microwave
transmission signal and additional signal components (or data
streams) that can be placed in spectrum skirts. Compared
to the solution in [3], the new methods have the advantage
that the use of spectrum skirts can be turned on or off by
adding additional data streams in a modular fashion. The
proposed methods are complementary to other approaches
for improving spectral efficiency such as dual-polarization or
multiple antenna transmission.

The first new method, which we refer to as superposition
transmission, overlaps the strong primary signal with a weak
secondary signal whose power spectral density (PSD) extends
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Fig. 1: Illustration of the use of spectrum skirts for a spectrum mask according to [5]. The conventional microwave system uses a root-raised cosine pulse,
which can occupy a bandwidth of 29.4 MHz for the chosen emission mask. The power spectral densities for the superposition and multi-carrier transmission
schemes show the use of spectrum skirts.

to the spectrum skirts. We present an interference cancellation
method for the detection of these two signal streams. The
second method uses a multi-carrier approach and adds two
low-power sideband signals, which are orthogonal to the main
signal. For the multi-carrier method, we apply the approach
from [3] to design custom pulse shapes that fit under the
spectrum mask to best exploit the available sidebands. In
all cases, we consider transmission impairments such as a
dispersive channel and local-oscillator phase noise, which are
experienced by practical microwave links. It should be noted
that phase noise is limiting the performance of microwave
communication links operating at high SNRs. In particular,
the maximum constellation size suitable for reliable commu-
nication is limited by phase noise impairments. Our numerical
performance results show that both schemes offer data rate
improvements on the order of 30% and 40% over conventional
microwave transmission.

II. TRANSMISSION SCHEMES FOR MODULAR SPECTRUM
UTILIZATION

In this section, we introduce the two new methods which
use the spectrum skirts. Figure 1 shows a spectrum mask for
microwave transmission in the 17-30 GHz band according to
[5, Table 3e] together with the PSDs for (i) a conventional
microwave system employing a root-rased cosine (RRC) pulse
shape, (ii) the superposition transmission method, and (iii) the
multi-carrier transmission method. In the following we will
provide the details for the latter two.

A. Superposition Transmission

The first spectrum utilization method overlaps two carrier
signals at the transmitter and sequentially detects them at the
receiver. The transmitter architecture in Fig. 2 (left subfigure)
is similar to a standard microwave link, with a signal chain

added to the primary stream before analog up-conversion and
antenna transmission. The continuous-time representation of
the superposition transmission signal is

s(t) =
√
P1

∑
k

I1[k]p1(t−kT1)+
√
P2

∑
k

I2[k]p2(t−kT2),

(1)
where I1[k] and I2[k] are the quadrature amplitude modulation
(QAM) symbols of the primary and secondary data streams,
respectively. The pulse shapes p1(t) and p2(t) represent the
narrowband and wideband pulses used to shape our primary
and secondary pulses, while T1 and T2 denote each stream’s
symbol interval. Furthermore, P1 and P2 are the powers for
the two streams. The QAM orders of each stream may vary
based on channel conditions.

Regarding pulse shapes, the superposition scheme allows
the second stream to incorporate a larger bandwidth to effec-
tively utilize the spectrum skirts. For example, the PSD for the
combined RRC pulse shapes with Nyquist rates of 25.6 MHz
and 51.2 MHz and a roll-off factor of 0.15 are displayed in
Fig. 1. Transmitting the secondary stream at a symbol rate that
is double the primary stream, i.e., T2 = T1/2, implies a 40 dB
difference in transmit powers P1 and P2 to meet the spectral
mask constraints.

The continuous-time representation of the received base-
band signal is expressed as

r(t) = ejφr(t)

∫ ∞
−∞

s(τ)ejφt(τ)h(t− τ)dτ + n(t), (2)

where h(t) denotes a multipath channel, usually modelled
according to [6] for microwave links, and n(t) denotes additive
white Gaussian noise (AWGN). Furthermore, φt(t) and φr(t)
represent the transmitter and receiver phase noise processes,
respectively. The receiver architecture in Fig. 2 (right sub-
figure) is more complex than the transmitter, as it requires
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Fig. 2: Superposition transmission scheme architecture. The displayed baud-rate figures are example settings, applying the spectrum mask for the 17-30 GHz
band according to [5, Table 3e] and being consistent with the PSD for superposition transmission shown in Fig. 1.

removal of the primary stream to detect the secondary stream.
First, the received signal r(t) is passed through two matched
filters with bandwidths according to the transmitter pulse
shapes for the two data streams. Figure 2 provides specific
values for the pulse shapes and bandwidths considering the
17-30 GHz transmission band with the spectrum mask from
[5, Table 3e]. Then, the primary data stream is detected
by applying a linear equalizer to handle the distortion from
the dispersive channel, a phase noise compensation method
to eliminate phase noise, and demapping and forward-error
correction (FEC) decoding. Once the primary stream has been
decoded, it is re-encoded and estimations of the dispersive
channel and channel phase noise samples are re-applied. This
reconstruction is necessary to detect the secondary stream.
In particular, after re-applying channel impairments, the first
stream is subtracted from the received signal at a larger
bandwidth, so that the secondary stream can be decoded with
ideally no interference from the primary stream. The main
bottleneck for this receiver architecture is the accuracy of
reconstruction of the primary stream. While equalization and
phase noise removal are important for the secondary stream
operating at a lower signal power, the residual interference
from the primary stream is the limiting factor when detecting
the secondary stream due to the large power difference.

B. Multi-Carrier Transmission

The second spectrum utilization method transmits three
pulses simultaneously while remaining orthogonal in the fre-
quency domain. The two secondary pulses are sent adjacent
to the primary pulse via an offset frequency and rely on well
designed transmitter and receiver filters to neglect interference.

The transmitter architecture is shown in Fig. 3 (left sub-
figure). The continuous-time baseband representation of the
multi-carrier signal is given by

s(t) =
√
P1

∑
k

I1[k]p1(t− kT ) +
√
P2

∑
k

I2[k]p2(t− kT )

+
√
P3

∑
k

I3[k]p3(t− kT ),

(3)

where I1[k], I2[k], and I3[k] are the QAM symbols of the
primary and two secondary streams and P1, P2, and P3 are
the respective signal powers. The pulse shapes p1(t), p2(t),

and p3(t) represent the pulse shapes of the primary and
two secondary streams transmitted at symbol interval T . The
frequency offsets for the secondary streams are incorporated
into each pulse shape.

Since the three pulses are orthogonal in the frequency
domain, we have the ability to use custom pulse shapes to
fill more of the spectrum mask for the side streams. We may
formulate this objective as an optimization problem to match
the spectrum mask as closely as possible. We consider a linear-
phase discrete-time filter of length 2N + 1, and organize the
real and imaginary parts of the filter coefficients in the vectors
pre and pim, respectively. Then, the discrete-time Fourier
transform is given by

P (f) = e−j2πNf
(
vre(f)Tpre + vim(f)Tpim

)
, (4)

where

vre(f) = [1, 2 cos(2πf), . . . , 2 cos(2πNf)]T (5)
vim(f) = [0, 2 sin(2πf), . . . , 2 sin(2πNf)]T . (6)

Applying the framework from [7], we then formulate the
filter design optimization problem as the minimization of a
squared error between the desired pulse spectrum mask D(f)
and actual pulse spectrum amplitude P (f), i.e., we solve

min
pre,pim

∫ Fs/2

−Fs/2

(
D(f)−

∣∣vre(f)Tpre + vim(f)Tpim
∣∣)2 df (7)

subject to
∣∣vre(f)Tpre + vim(f)Tpim

∣∣ ≤ D(f), (8)
∀f ∈ [−Fs/2, Fs/2]

where Fs denotes the sampling frequency. The optimization
problem becomes a convex quadratic problem through the
discretization of the frequency axis and can efficiently be
solved using interior point algorithms. The optimized pulse
shape selected for the numerical results in Section IV is
illustrated in Fig. 1. Relative to the center frequency, the
amplitude frequency response of the custom pulse varies by
±5 dB in its transmission band.

The receiver architecture for the multi-carrier sheme is
shown in Fig. 3 (right subfigure). It is more similar to the
receiver processing of a conventional microwave transmission
system than that for the superposition scheme, as each data
stream can be detected in parallel due to the negligible cross
interference.
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Fig. 3: Multi-Carrier transmission scheme architecture. The example of 25.6 MHz wide pulse shapes is illustrated at the transmitter side, consistent with the
PSD for multi-carrier transmission shown in Fig. 1.

III. CHANNEL EXTRAPOLATION

One challenge we encounter when demodulating the side-
band signals in both modular schemes is obtaining a channel
estimate required for equalization. While the primary stream
in both modular schemes enjoys a high SNR and thus reliable
channel estimation, this is not the case for the secondary
streams, which are transmitted with a relatively lower power
to fit under the spectrum skirts. This problem is particularly
pronounced for the superposition transmission, where residual
interference from the primary scheme limits the effective SNR
experienced by the secondary stream.

To deal with this as well as to avoid extra pilot signal
overhead for channel estimation for the secondary streams, we
make use of the fact that the primary and secondary stream
signals pass through the same channel, albeit with different
bandwidths in the case of superposition transmission or in
different frequency bands in the case of multi-carrier transmis-
sion. In particular, since the impulse-response representation of
typical microwave channels typically allows for a description
with very few parameters (see [6]), we can estimate those
parameters from pilot signals in the primary stream and use
the corresponding channel estimate for the secondary streams.

Considering a channel impulse response h(t) with L signifi-
cant taps, e.g. L = 2 for the commonly used Rummler channel
model [6], and denoting the convolution of the transmitter
RRC pulse and its receiver matched filter as p′(t), we can
express the overall impulse response as

c(t) =
L∑
l=1

clp
′(t− tl) , (9)

where {tl, cl}Ll=1 correspond to the unknown time delays and
amplitudes of the transmission channel. The signal c(t) fits
the model of a signal with finite rate of innovation and we
thus follow the methods from [8], [9] to estimate the desired
parameters {tl, cl}Ll=1. For this, we choose a Tc such that c(t >
Tc) ≈ 0 and write the Fourier series expression

c(t) =
∞∑

k=−∞

C[k]ej
2π
Tc
kt (10)

with the Fourier series coefficients

C[k] =
1

Tc
P ′
(

2π

Tc
k

) L∑
l=1

cle
−j 2πTc ktl , (11)

where P ′(f) represents the continuous-time Fourier transform
of p′(t). Removing the effect from the pulse shapes and
defining zl = e−j

2π
Tc
tl , we get

X[k] =
1

Tc

L∑
l=1

cle
−j 2πTc ktl =

1

Tc

L∑
l=1

clz
k
l , (12)

which is solely determined by the transmission channel.
To obtain an estimate of zl in (12), we apply the subspace
method from [9], which is summarized in the following
algorithm.

Algorithm: Subspace method for microwave channel estima-
tion
1: Using M + K − 1 samples of X[k], construct a M × K
Hankel Matrix

X =


X[0] X[1] · · · X[K − 1]
X[1] X[2] · · · X[K]

...
X[M − 1] X[M ] · · · X[M +K − 2]

 , (13)

where M,K > L.
2: Compute the singular-value decomposition X = USVH .
3: Find the L largest singular values and the corresponding
left singular vectors UL.
4: Compute estimates of ẑl from (12) as the eigenvalues of
the matrix U+

L ·ŪL, where (·)+ represents the pseudo-inverse
and the overbar and underbar symbols represent omitting the
first and last row of UL, respectively.

Given ẑl from the subspace method, we estimate the channel
time delays as

tl =
Tc∠ẑl

2π
. (14)
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Finally, to obtain the channel coefficients, we transform (12)
into a Vandermonde matrix

P =

 1 ẑ1 ẑ21 · · · ẑM+K−1
1

. . . . . . . . .

1 ẑL ẑ2L · · · ẑM+K−1
L

 (15)

and solve the system of equations as

[ĉ1 . . . , ĉL] = [X[0], . . . , X[M +K − 2]]P+ . (16)

One modification we make to the original subspace al-
gorithm is iterating over a number of choices for M to
generate various matrices X (13). We then select a final set
of {t̂l, ĉl}Ll=1 coefficients that minimize the mean squared
error between the estimated coefficients for the narrowband
channel c[k] using conventional pilot-based estimation, and
a reconstruction of the narrowband channel ĉ[k] using the
subspace method.

IV. SIMULATIONS AND RESULTS

In this section, we demonstrate the benefits of the proposed
transmission schemes through numerical results for achievable
data rates and bit-error rate (BER) simulations. We adopt the
dispersive Rummler channel model from [6] with a 5 dB notch
and transmitter and receiver phase noise at an aggregate level
of −90 dBc/Hz at an offset of 100 kHz, which is a significant
yet typical phase noise level for microwave systems. We
apply a linear minimum mean-square error (MMSE) equalizer
to compensate for the Rummler transmission channel. We
estimate and compensate the phase noise via the forward-
backward algorithm described in [10] with pilots every 50
data symbols (see [3] for more details of the compensation
methods). The signal pulse shapes and thus PSDs are set
according to the spectrum mask shown in Fig. 1, where
1/T1 = 25.6 MHz, 1/T2 = 51.2 MHz and 1/T = 25.6 MHz
in (1) and (3), respectively. For the following, we show results
as a function of the SNR defined as the symbol energy divided
by the noise power per bandwidth unit (or PSD) of the
baseline RRC-shaped transmission. This means we consider
a scenario where the conventional RRC-based microwave
system is operated at a certain SNR, and then the secondary
data streams are being added by using the spectrum skirts.

First, Fig. 4 shows the BER results for the superposition
and multi-carrier architectures. We use 212 and 214-QAM for
the primary streams of the superposition and multi-carrier
schemes, respectively, and 2m-QAM with m = 2, 4 for their
secondary streams. A low-density parity-check (LDPC) code
with rate 0.75 and codeword length 64800 bits is used for
channel coding. We focus on the BER for the secondary
streams in Fig. 4 to illustrate the effect of constellation size and
phase noise. Considering the idealized case of transmission
over a Rummler channel without phase noise first (dashed
lines), we observe quite similar BER curves for the secondary
streams with m = 2 for superposition and multi-carrier
transmission. Increasing the modulation order to m = 4,
i.e., 16QAM, we notice a significant SNR shift of the BER
curves, which is due to the linear equalization which operates
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Fig. 4: BER for the secondary streams for: (1) Superposition (SP) transmission
with 212-QAM for the primary data stream and 2m-QAM for the secondary
data stream; (2) multi-carrier transmission with 214-QAM for the primary
data stream and 2m-QAM for the two secondary streams. A Rummler channel
without and with phase noise (PN) and FEC coding with a rate-0.75 LDPC
code are considered.

at a low SNR for the secondary streams. If phase noise is
present (solid lines), we notice the higher sensitivity of the
superposition compared to the multi-carrier scheme. This is
due to the imperfect interference cancelation of the main data
stream as a result of residual phase noise.

Next, Fig. 5 shows the comparison between conventional
RRC-based microwave transmission and the two proposed
schemes in terms of the achievable information rate (AIR)
[11], [12]. The AIR is measured empirically using the decision
metrics (log-likelihood ratios) at the receiver, and we consider
it as a practical estimate for the achievable rate with coded
transmission [12]. The AIR curves in Fig. 5 correspond to
the reference case of an AWGN channel (dashed lines) and
the microwave transmission scenario of dispersive Rummler
channel and phase noise (solid lines). The AIR is presented
in terms of bits per RRC channel use, which translates into
bits per second by multiplying it with the RRC baud rate
of 1/T1 = 25.6 MHz. We observe a notable rate loss
between the AWGN and microwave channel scenarios for all
schemes. The main limiting factor for the performance of the
latter is the phase noise. In particular, this prevents the use
of constellations larger than 214-QAM for the conventional
transmission systems. For example, the AIR curve for 216-
QAM (not shown) falls below the one for 214-QAM in the
microwave channel with phase noise. On the other hand,
it can be seen that the proposed modular schemes, due to
transmission of data in the spectrum skirts, yield significant
rate gains over a wide range of practical SNRs for microwave
links. For example, the data rate is improved by 28% to
38% at an SNR of 50 dB. We selected configurations for
the primary and secondary data streams that demonstrated
preferable performance, but further optimization, in particular
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adaption as a function of SNR, is possible. The multi-carrier
scheme outperforms the superposition transmission, mainly
due to the challenge of sufficiently accurate regeneration of
the primary stream for interference cancellation in the latter
method. Overall, we conclude that the modular spectrum
utilization is highly beneficial to improve transmission rates
in microwave links.

V. CONCLUSIONS

We have proposed the use of spectrum skirts for data
transmission in microwave links by adding secondary data
streams. The motivation for this approach is the frequent
vacancy of adjacent frequency channels and the high operating
SNR of microwave links, as well as the practical limitation
for the use of higher-order modulations due to phase noise.
In the superposition transmission scheme, the secondary data
stream is added to the primary data stream, occupying a larger
bandwidth and operating at very low power so as to respect
the spectrum mask. In the multi-carrier transmission scheme,
two side-band signals are added, with custom-made pulse-
shapes and again very low power to fit under the mask. We
have developed a channel estimation method for the proposed
modular transmission systems that enables reliable detection
of the sideband signals in relatively low SNR. Numerical
results for practical channel and phase-noise scenarios indicate
significant rate improvements of more than 30% at typical op-
erating SNRs. These benefits are achieved without additional
licensing costs and are complementary to gains obtained from
other methods for improved spectral efficiency such as multi-
antenna transmission.
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