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Abstract
Background:  In present communication systems, the transmission signals are considered to be time-invariant and are processed by the
time-invariant bandpass filter at the receiver. In this regard, all the signals in the pass band will pass through the filter, including the
interferences. Materials and Methods: This study analyzes the time-frequency characteristic of the 4-QAM modulated pulse shaping
signal and reveals that the energy concentration of the pulse shaping signal is time-varying, which makes some low-energy areas exist
in the pass-band. Based on this characteristic, the masking threshold constrained time-varying filter is proposed and the optimal masking
threshold is determined with MMSE criterion. Results: Simulation results show that based on the signal’s time-frequency distribution,
the SINR and BER performances of the proposed filter outperform the conventional bandpass filter. Conclusion: According to the 4-QAM
modulated pulse shaping signal’s energy concentration nature, the non-orthogonal or inter-cell interferences could be suppressed further
by the masking threshold constrained time-varying filter.
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INTRODUCTION

To meet the 5G network requirements, new multiple
access and modulation techniques are designed by
superposing   the   transmission   signal   in   space/time/
frequency/code domain to improve the spectral efficiency and
enhance the radio access ability1-4. For example, the multiple
access solutions include the sparse code division multiple
access (SCMA) and the Non-Orthogonal Multiple Access
(NOMA)2,3. Besides, in device-to-device communications (D2D)
underlaying cellular network with non-orthogonal resource
sharing mode, the signals of cellular users and D2D users are
also superposed in time-frequency domain5. In cognitive radio,
spectrum sharing is a key problem to be studied, where the
signals of the main user and the secondary user are also
superposed in underlay mode6. Since the non-orthogonal
users are multiplexed on the same time-frequency resources,
their  transmission  signals  are  totally  or  partially  overlapped
on  the  time-frequency  plane.  In  this  case,  one  important
issue is to suppress the non-orthogonal interferences, while
maintaining the desired signal’s frequency characteristic.

In  current  communication  systems,  the  signals  are
analyzed by Fourier transform, which shows what frequency
components one signal contains, but doesn’t tell us when the
frequency components exist. In this case, the transmission
signals are considered to be time-invariant and are processed
by the time-invariant bandpass filter at the receiver. In
contrast to Fourier transform, time frequency analysis is a
powerful tool which shows the energy concentration
characteristics of non-stationary signals on the time-frequency
plane. In present studies, time-frequency distributions are
utilized in radar signal analysis7, the linear frequency
modulated signal detection8 and the PSK/FSK signal
distribution9. However, limited study effort has been devoted
to studying the time-frequency distribution of the quadrature
modulated pulse shaping signals.

In this study, the 4-QAM modulated pulse shaping signal
is analyzed by Choi-Williams time frequency analysis10 and it
shows that the signal has a time-varying spectrum. The
signal’s  center  frequency  and  bandwidth  are  not  constant,
but vary with time in the passband. For example, in a time
frequency area ) within the passband, the desired signal’s
energy approximates to zero, but the energies of interference
and noise are not negligible. In this case, a classical bandpass
filter will collect the interference and noise in area ), even if
the  desired  signal’s  energy  is  very  small.  In  contrast,  the
time-varying  filter  which  is  designed  according  to  the
signal’s time frequency distribution can filter out area )  and
provides better signal to interference plus noise ratio (SINR)
performance.

Various schemes for time-varying filters have been
proposed. A conceptually simple method consists of a
masking of the signal’s Wigner distribution followed by signal
analysis, but it results in a highly nonlinear filter whose
performance has shown to be potentially poor11. A more
classical linear filter design is based on the Short Time Fourier
Transform   (STFT)   which   shows   better   performance   than
the   non-linear   ones.   The   masking   threshold   constrained
time-varying filter used in this study is based on the STFT.

This study analyzes the time-frequency characteristic of
the 4-QAM modulated pulse shaping signal. It reveals that the
signal’s center frequency and bandwidth both vary with time.
To minimize the Mean Squared Error (MSE) between the
filtered signal and the desired signal, a masking threshold
constrained time-varying filter is proposed based on the
signal’s time frequency distribution. The optimal masking
threshold is given by simulation. Simulation results show that
the time-varying filter based on the signal’s time-frequency
distribution provides better SINR and Bit Error Rate (BER)
performances than the conventional bandpass filter.

MATERIALS AND METHODS

System model: Three scenarios are taken into account. The
first is the non-orthogonal access scenario in 5G network,
where  the  transmission  signals  are  superposed  in
time/frequency domain. In this case, the desired signal is
denoted as x0(t), the other signals that are non-orthogonal
multiplexed on the same resources with x0(t) are denoted as
xk(t),  k  =  1,  2,...,  k,  which  are  considered  as  interferences.
The second scenario is the non-orthogonal resource sharing
mode  in  D2D  communications,  where  the  D2D  users
opportunistically  access  the  same  spectrum  resources  used
by the other cellular users in the cellular network. In principle,
D2D communications can take place in either the uplink or the
downlink resources. In this case, if the cellular signal is the
desired one, then the D2D signals are interferences. The
cellular signal is denoted as x0(t) and the signals of the D2D
users that reuse resources with the cellular user are denoted
as xk(t), k = 1, 2,..., k. The third is the frequency reuse scenario
in   adjacent   cells,   In   this   case,    x0(t)   and   xk(t)   are   the
transmission signals in adjacent cells that operate on the same
frequency  band,  hence,  xk(t)  can  be  considered  as  the
inter-cell interference to the desired signal x0(t).

In the present study, power control and space separation
are the main schemes to manage the interferences in the
above-mentioned three scenarios. However, based on the
signal’s time-frequency distribution, the interference could be
suppressed in a quite different way.
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The additive Gaussian noise is denoted as w(t). Then the
contaminated signal y(t) is expressed as in Eq. 1:

(1)
N

0 k k
k 1

y(t) x (t) x (t) w(t)


   

The  following  discussions  are  based  on  three
assumptions:

C The desired signal and the interference signals are pulse
shaped by a Root Raised Cosine (RRC) filter and 4-QAM
modulated. Their spectrums are time-varying, which will
be analyzed

C The allocated bandwidths of x0(t) and xk(t) are totally
overlapped. The power diversity of the non-orthogonal
signals are controlled by the power control scheme, i.e.,
at the desired receiver, the interference power is adjusted
by factor gk

C w(t) is an additive white Gaussian random variable with
zero mean and variance F2

Time-frequency distribution of 4-QAM modulated pulse
shaping signals: In a 4-QAM modulation system, the signal is
pulse shaped by an RRC filter and the quadratic baseband
pulse shaped signals are denoted as I(t) and Q(t), respectively.
The desired signal is expressed as in Eq. 2:

x0(t) = I(t) cos(2πf0t)-Q(t) sin(2πf0t) (2)

where, f0 is the center frequency of the desired signal.
Equation 2 can be reformed to Eq. 3 by defining n(t) = atan
{Q(t)/I(t)} as:

(3)2 2
0 0x (t) I (t) Q (t) cos (2 f t (t))   

Accordingly, n(t) affects the center frequency of the signal
x0(t).  Define n(t) = Iv(t)dt,  then  Eq.  3  can be rewritten as in
Eq. 4:

(4)2 2
0 0x (t) I (t) Q (t) cos (2 (f v (t))dt)   

where, v(t) is defined by I(t) and Q(t) in Eq. 5. The I’(t) and Q’(t)
represent the first order derivatives of I(t) and Q(t),
respectively:

(5)2 2

1 Q'(t)I(t) I '(t)Q(t)

2 I (t) Q (t)
v(t) 

 


According to Eq. 5, the frequency deviation v(t) is
governed  by  I(t)  and  Q(t).  Figure  1  illustrates  one  kind  of

time-frequency distributions, where three continuous symbols
are  analyzed.  The  three  continuous  symbols  for  Fig.  1 are
[-1-i, -1+i, -1-i].

In Fig. 1, the red contour represents the high energy area
and the dark blue contour represents the low energy area. It
shows that the signal’s energy concentration varies with time.
Figure 2 shows the frequency deviation v(t) of signal x0(t)
when the three continuous symbols are [-1-i, -1+i, -1-i]. It can
be seen that the variation of v(t) accords with the energy
center of the signal’s time frequency distribution, which is
shown in Fig. 1. This verifies the physical analysis of Eq. 5.
According to Fig. 1, the allocated bandwidth isn’t occupied by
signal x0(t) all the time. In the dark blue and blank areas, the
desired  signal’s  energies  are  very  low,  but  the  interference
and noise are not negligible. Hence, if the signal is filtered
according to its energy distribution, more interference and
noise could be filtered out while maintaining most of the
desired signal’s energy.

Masking threshold constrained time-varying filter: A
masking threshold constrained time-varying filter is proposed,
where the main contribution of this study is the pass region
design  for  the filter and the threshold optimization process.
It  has  been  mentioned  that  the  linear  filter  based  on  the
Short   Time   Fourier   Transform   (STFT)   showed   better
performance than the non-linear ones, hence, the proposed
filter is based on STFT. The implementation of an STFT filter
consists of the following three steps12.

Step 1: Calculate the STFT of the input signal y(t):

(6)j2 ft 'y(t ')h * (t ' t)e dt 'Y(t, f )
  


 

where, h(t) is an analysis window. Hamming window
is employed in our analysis. In this study, if the length
of the input signal is T0, then the window length is
T0/8

Step 2: Multiply the STFT by the Time Frequency (TF) weight
function M(t, f) and calculate M(t, f) Y(t, f)

Step 3: Output signal z(t) is obtained via an inverse STFT:

(7)  j2 ft 'M(t, f )Y(t,f ) g(t ' t)e dt 'dfz(t)
  

 
  

where,  g(t)  is  a  synthesis  window  satisfying
   which   guarantees   perfectg(t)h * (t) 1






reconstruction for M(t, f) = 1. Then the filter design
problem can be simplified to constructing the TF
weight function or indicator function M(t, f) of the
pass region R:
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Fig. 1: Time-frequency distribution of the 4-QAM modulated pulse shaping signal

Fig. 2: Frequency deviation of the 4-QAM modulated pulse shaping signal

(8)
1 (t,f ) R

M(t,f )
0 (t,f ) R









The pass region R is the time-frequency area in which the
desired signal’s energy is not less than γ percent of the
maximum value. It is defined according to the masking
threshold  γ,  i.e.,  R:  {t, f}0{*Y(t, f)*$γYmax}.  The  Ymax  is  the
maximum value of the desired signal’s time frequency
distribution, i.e., Ymax = max {*Y(t, f)*}.

The masking threshold γ is determined by the Minimum
Mean Squared Error (MMSE) criterion. The MSE is defined as:

(9)mse

T 2
00

E
1 (z(t) x (t)) dt
T

 

where, z̄(t) and x̄0(t) are the normalized signals of z(t) and x0(t),
respectively and T is the symbol period. Our goal is to find out
the  optimal  masking  threshold  γopt  which  minimizes  Emse.
Then the optimization problem is defined as:

(10)opt msearg min{E }


 

Figure 3 shows one example of the time-frequency
contour   of   a    4-QAM    modulated    pulse    shaping    signal.
It indicates that the pass band of the classical bandpass filter
is between fl = 60 MHz and fh = 65 MHz. However, the desired
signal’s energy doesn’t occupy all the passband. It is very low 
at the blank and dark blue contour areas. If the time-invariant
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Fig. 3: Time-frequency distribution of signal x0(t)

Fig. 4: Mask of signal x0(t) with masking threshold γ = 0.2

bandpass filter is adopted, all of the desired signal’s energy
could be collected, meanwhile, the interferences and noise in
the blank or dark blue areas will also pass through the filter,
which will decrease the SINR performance.

Figure  4 shows the pass region with masking threshold
γ  =  0.2.  The  pass  region  R  is  enclosed  by  the  masking
threshold contour and the shaded area is the region where the
desired signal’s energy is below the threshold. The pass region
is determined by the value of the threshold γ. If γ is small, the
pass region becomes wide and most of the desired signal’s
energy are collected by the filter. Unfortunately, lots of
interference and noise will also pass through the filter. On the
contrary, if γ is increased, the pass region will shrink. As a

result, little interference and noise could pass through the
time varying filter, but some of the desired signal’s energy will
also be dropped. So, there should be an optimal γ providing
the minimum MSE, which will be given by simulation.

RESULTS

The simulation parameters were listed in Table 1. To
compare the performance of the proposed masking threshold
constrained filter with the classical bandpass filter, both SINR
and BER were used as the measures in our simulation. In the
simulation parts,  one interference user was considered,  i.e.,
k = 1, hence, the index k for gk was omitted below.
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Figure  5  showed  the  MSE  between  the  desired  signal
x0(t) and the filtered signal z(t). In Fig. 5, the dark star curve
represented the MSE result with the time-invariant bandpass
filter, whereas, the red triangular curve represented the MSE
with  the  masking  threshold  constrained  time-varying  filter.
There was one interference user with the interference factor

Table 1: Simulation parameters
Parameters Values
RRC roll-off factor 0.22
Truncated length of RRC impulse response 6T
Center frequency of the desired signal x0(t) 60 MHz
Center frequency of the interference signal xk(t) 60 MHz
Signal bandwidth 5 MHz
Symbol time period T 0.26042 µsec
The buffered signal length T0 4T

g  =  0.3  and the white noise was not added. Figure 5 showed
that the MSE performance with the masking threshold
constrained filter was better than that with the time invariant
bandpass filter. When γ = 0.29, the MSE was minimized,
therefore, γ opt = 0.29.

Figure  6  illustrated  the  SINR  performance  after  the
time-varying   filter   with   different   Eb/No.   The   masking
threshold   γ   was   set   to   be   0.29   and  SNR  changed  from
0-10 dB. The SINRbp represented the SINR result with only the
time-invariant bandpass filter and SINRmtc represented the
SINR result of the signal that passes through the bandpass
filter at the receiver radio front end and then passes through
the masking threshold constrained time-varying filter. The
SINRbp  and SINRmtc  were defined in Eq. 11 and 12, respectively:

Fig. 5: MSE with different masking thresholds

Fig. 6: SINR performances evaluated after the filters
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Fig. 7: BER performances evaluated after the filters

(11)
  

     

2

p 0

bp 2 2K

p k pk 1

E H x (t)
SINR

E H x (t) E H w (t)


  


      

(12)
  

     

2

m 0

mtc 2 2K

m k mk 1

E H x (t)
SINR

E H x (t) E H w (t)


  


      

where, Hp was the system function of the bandpass filter and
Hm was the system function of the time-varying filter.

The simulation results in Fig. 6 showed that the SINR
performance with the masking threshold constrained time
varying filter was 2 dB better than that with the time-invariant
bandpass filter at high Eb/No regions, when the interference
factor g = 0.3. This was due to that the masking threshold
constrained filter’s pass region was generated according to
the desired signal’s time-frequency distribution. Hence, it
filtered out more interference and noise while maintaining the
desired signal’s properties.

Figure 7 showed the BER performances with the
bandpass filter and the proposed time-varying filter. It could
be seen that the BER performance with the proposed filter was
better than that with the bandpass filter. With the same BER
performance, the proposed filter provided 1 dB Eb/No gain.

DISCUSSION

In   the   present   studies,   time-frequency   distributions
are utilized in radar signal analysis7, the linear frequency
modulated  signal  detection8  and  the  PSK/FSK  signal
distribution9.

Whitelonis and Ling7 applied the Compressed Sensing Joint
Time-Frequency (CSJTF) algorithm to three radar signature
analysis problems: Broadband backscattering from a pipe,
time-varying scattering from a rotating wind turbine and
micro-doppler features from a walking human and analyzed
the time frequency distribution characteristics of radar
signatures. In a radar system, the radar detects the desired
information from the reflected signal and obtains the
parameters  of  the  detected  objectives,  such as the distance
and moving speed. The transmitted signal is known to the
radar in a radar detection system. However, the transmitted
signal is unknown to the receiver in communication systems
and the time frequency characteristics of communication
signals were quite different from the radar signature. Till now,
limited  study  effort  has  been  devoted  to  studying  the
time-frequency distribution of the quadrature modulated
pulse shaping signals.

Sun et al.8 applied a joint hybrid time-frequency analysis
method  to  interference  detection  for  GNSS  receivers,
where, the interference was limited to the Linear Frequency
Modulated (LFM) signal. It is well-known that the LFM signal
is  a  classical  non-stationary  signal  and  the  frequency  is
linearly changing with time. The time-frequency distribution
of LFM signal is distinctive and easy to be recognized.
However, in single carrier or OFDM communication systems,
most of the transmission signals are QAM, PSK or FSK
modulated  pulse  shaping  signals,  but  not  the  LFM  signal.
Mei  and  Sha’ameri  et  al.9  analyzed  the  time-frequency
distribution of PSK signals, but it was used to recognize the
modulation type, not to suppress the interferences with the
time varying filter.
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CONCLUSION AND FUTURE RECOMMENDATION

This   study   reveals   the   time-frequency   characteristic
of  the  4-QAM  modulated  pulse  shaping  signal  and  its
time-frequency   distribution   shows   that   the   energy
concentration of the pulse shaping signal is time-varying.
Based on the signal’s time frequency distribution, the masking
threshold constrained time-varying filter is proposed, where
the optimal masking threshold is determined with MMSE
criterion. Simulation results show that the filter based on the
signal’s time-frequency distribution achieves better SINR and
BER performances than the time-invariant bandpass filter.

Benefit  from  the  signal’s  time-varying  spectrum,  the
non-orthogonal or inter-cell interference could be suppressed
further by the time-varying filter. However, note that the pass
region used in the simulation above was obtained from the
desired signal. In future study, we will devise the pass region
improvement method to obtain the pass region from the
contaminated signal at the receiver. Principally, if the
interference power was constrained at a low or medium level
by  a power control scheme, the energy concentration trend
of  the  contaminated  signal  was  in  accordance  with  the
desired pass region, which made it possible to generate the
pass  region  from  the  contaminated  signal.  Besides,  the
time-varying  filter  in  this  study  is  implemented  at  radio
front end, so the calculation complexity needs to be reduced.
One solution is to adjust the analysis and synthesis window
length and the other is to implement the filter at baseband,
which is also one aspect of our future study.

SIGNIFICANCE STATEMENT

The non-orthogonal multiple access and non-orthogonal
resource sharing mode in device-to-device communications
underlaying cellular network are proposed to meet the
network capacity requirements. Since the non-orthogonal
users are multiplexed on the same time-frequency resources,
their transmission signals are totally or partially overlapped on
the  time-frequency  plane.  In  this  case,  one  important  issue
is  to  suppress  the  non-orthogonal  interferences  while
maintaining  the  desired  signal’s  frequency  characteristic.
This study analyzes the time frequency characteristic  of  the
4-QAM  modulated  pulse  shaping  signal,  which  is widely
used   in   communication   systems.   And   based   on   the
signal’s time-frequency distribution, the masking threshold
constrained time varying filter is proposed to suppress the
non-orthogonal interference.
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