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I. INTRODUCTION 
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handle a wide frequency band effectively. The distributed 
sensors are optimally clustered and orchestrated by a fusion 
center with sufficient processing power. This dumb sensors 
and smart fusion center scenario has two extreme options: 
(i) deploying massive amounts of very low-cost and dispos-
able sensors to cover remote, inaccessible, hostile and dan-
gerous regions, and (ii) leveraging all existing infrastructure 
such as heterogeneous conventional or cognitive radios, Wi-
Fi devices, phones, or mesh networks by contributing li-
mited or partial operation for signal sensing (as a secondary 
function) under a service agreement without affecting their 
primary function. The latter is also considered to be an in-
expensive and low-maintenance case since the assets are 
shared which are already established, managed and main-
tained by primary users. Under the framework of dumb sen-
sors, the interfaces of the sensors are pushed towards the 
antennas. In other words, the burden of the extra signal 
processing is absorbed by the fusion center and the sensors 
only relay the raw data. All operational decisions are made 
and executed at the fusion center which not only avoids the 
requirements for demodulating signals at distributed loca-
tions and simplifies the security and operational require-
ments, but also makes the applications and future system 
upgrade independent to the distributed sensors. Each of 
these two options does not contradict the other and they can 
be used in the same platform or application.  
 The fusion center may be located at the same location as a 
sensor. The fusion center sends periodic requests to L distri-
buted sensors, R1,, R2,, …, and RL  to acquire the weak SOI.  
Upon the reception of the request, the distributed sensors 
take short time duration snapshots of the SOI. The distri-
buted sensors are assumed to provide very limited signal 
processing capabilities such as RF reception and transmis-
sion, frequency tuning and down-conversion, filtering, and 
digitization. Thus, all sensors are asynchronous and non-
cooperative to one another and are used only for communi-
cating with, or relaying distributed snapshots to, the fusion 
center. It is important to indicate that the snapshots are very 
short and are taken periodically. Therefore there is ample 
time between any two snapshots for signal processing and 
analysis. The entire operation is conducted in real-time.  
 Earlier approaches for central decision signal sensing and 
classification were inspired by the success of the multiple-
antenna based modulation classification [6]-[8] and require 
synchronous sensors for coherent signal combining. How-
ever, practically, the distributed signal copies will not be 
perfectly synchronous due to the unknown channels and 
Doppler effect between the SOI and the distributed sensors. 
In an asynchronous sensor scenario, magnitudes, phases, 
frequencies, and sampling clocks among sensors are all dif-
ferent. Consequently, the fusion center must estimate the 
relative phase offset (RPO) induced by different local oscil-
lators (LOs), channels and filters, relative time offset (RTO) 
induced by different propagation paths and sampling clocks, 
the relative frequency offset (RFO) induced by different 
LOs and the Doppler effect, and the relative sampling fre-
quency offset (RSO) caused by the jitter and aging of the 

sampling clocks before combining the signal copies cohe-
rently. The fusion center is designed to have adequate signal 
processing power and time to estimate, analyze, and process 
the data delivered by all sensors to generate an enhanced 
signal for detection, classification and blind demodulation.  

 
III. SIGNAL MODEL 

In the dumb sensor scenario, the sensors do not make lo-
cal decisions but store the short snapshots, ri(t), i=1, 2, …, 
L, as time-stamped data packets and forward them to the 
fusion center for processing. The packets can be transmitted 
to the fusion center using any communication method. 
Without loss of generality, R1 is assumed to be the reference 
sensor, R2,, R3, …, and RL  are compared to R1 for calculat-
ing all offsets. It is further assumed that the channels have 
no noticeable change within a very short collection time 
period. The signal packets received at the fusion center can 
be described as  

)(+)τΔ+(αΔ=)( )βΔ+ωΔ( tntsetr ii
tj

ii
ii        (1) 

where i=2, 3, …, L; Δωi , Δβi , and Δτi are RFO, RPO, and 
RTO, respectively, and Δαi is the relative magnitude offset 
(RMO) which does not need to be known in the post-
synchronization. All relative offsets are referring to 

)(+)(=)( 11 tntstr          (2) 

where )β+ω(
00

00)(=)( tjetsats is the frequency down-
converted copy of the SOI observed at R1, s0(t) is a sequence 
of pulse shaped information symbols, a0, ω0, and β0 are 
gain, frequency, and phase offsets between the transmitter 
and R1, respectively, and ni~N(0,σι), i=1, 2, …, L is i.i.d. 
circularly symmetric complex additive white Gaussian noise 
(AWGN). If Δωi and Δτi can be estimated and eliminated, 
the signals can be combined to form 
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signals have equal gains and all noises have equal variances, 
the SNR of the combined signal is L times the SNR of a 
single signal when Δβi =0. However, under the assumption 
of using only simple sensors, the offsets among sensors are 
not be able to be estimated locally and the sensors in the 
network will not be synchronous. The concept of post-
synchronization method is to collect asynchronous signal 
copies first and compensates for them later in the fusion 
center.  

IV. POST-SYNCRONIZATION METHOD 

 Two categories of offsets in the network are the magni-
tude, time, frequency and phase offsets between the trans-
mitter and receiving sensors and the relative offset among 
distributed sensors as shown in Fig. 2. The goal of post-
synchronization is to compensate for the RTO, RFO, RPO, 
and RSO so that the distributed signal copies can be com-
bined constructively without adjusting the parameters of the 
networked sensors or broadcasting reference signals. The 
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Fig. 3. 
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If the signal is digitized, the values between two samples 
may be interpreted for the better time resolution in correla-
tion. Applying the estimated RTO to compensate Δτi in ei-
ther (4) or (9), the two-dimensional searching is reduced to 
the one-dimensional one for estimating RFO alone. Thus, 
both RTO and RFO are estimated promptly. 
 Furthermore, RFO can be expressed using 

)]()([∠=),ωΔ,βΔ(φ *
1 trtrt iii

      (14) 

with a noiseless form of
   

tt iiii ωΔ+βΔ=),ωΔ,βΔ(φ  (15) 

The slope (RFO) and the intercept (RPO) are described by a 
linear regression equation. RFO can also be discussed by the 
average, E, of phase differences, that is 

)
t),ωΔ,βΔ(φ

(=ω̂Δ i

dt
d

E ii
i

       (16) 
Unlike χ, ρ does not suppress the additive noises. However, 
it provides a faster and effective one-dimensional search for 
RTO and the parallel processing can be used for correlating 
multiple signal copies. 
 After estimation, the correlation in (5) can be compen-
sated to have 

dttstse i
tj
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∈
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where iii ω̂ΔωΔ=ε  and iii τ̂ΔτΔ=δ  are residual RFO 
and RTO, respectively. Experiment shows that those resi-
duals are negligible in most of applications. If the further 
correction of RFO and RTO is necessary, optimization can 
be conducted by fine tuning εi and δi in the vicinity (a 
smaller searching area) of the optimal estimates to obtain 

iω~Δ  and 
iτ~Δ . 

iβ
~Δ  can be calculated using the phase of 

χ in (4) after estimating RFO and RTO. Note that (i) the 
RMO will not affect the post-synchronization result. (ii) A 
small RPO will not significantly complicate the signal 
processing. It can be shown that if RPOs are uniformly dis-
tributed in a domain less than 2π, the combined signal with 
existing RPOs has a higher SNR compared to the single one 
if L is sufficiently large (iii) the smaller the RPO, the higher 
the SNR of the combined signal. (iv) The post-
synchronization largely depends on the estimation of the 
nonlinear offsets: RTOs and RFOs.  (v) r1(t) and ri(t) are 
correlated but n1(t) and ni(t) are not which provides the 
noise insensitive estimation. 
 The equivalent one-dimensional faster search for RFO can 
be obtained by modifying (9) to yield a frequency-domain 
MCF 

dtSS ii
W

i ∫ )ω̂ΔωΔ+ω()ω(≈)ω̂Δ(υ
0∈ω

1
     (18) 

and RTO can be estimated with the one-dimensional search 
by using the estimated RFO to compensate Δωi in either (4) 

or (9). Zero-padding may be needed for the better frequency 
resolution for correlation. 
 For the simulation with synthetic signals, RSO is not an 
issue. But with field-collected signal copies, if the sampling 
clocks at the distributed locations are not synchronized, the 
samples of ri won’t be lined up with the samples of r1 and 
must be re-sampled with interpretation, in the fusion center, 
after RSO estimation.  
 After estimating all offsets, the signal copies from L sen-
sors are combined to 

])τ~Δ([Θ)(=)( )β~Δ+τ~Δω~Δω~Δ(

1=
∑ liiltj

ii

L

i i
c etrtgtr

      
(19) 

where gi(t) is an adaptive filter applied to the ith signal copy 
to compensate for the channel variation and Θ is the convo-
lution operator. Adaptive mechanisms, as shown in Fig. 3, 
such as maximum ratio combining and beam forming can be 
used to adjust the filter weights to maximize the SNR and 
minimize the interference and fading. 
 The fusion center converts the SIMO signal to SISO one, 
rc(t), in a form which can be further processed by applica-
tions such as automatic or blind signal classifiers[6][7]. 
Since rc(t) has higher SNR compared to ri(t), the former 
achieves a more reliable classification result. 
 It is remarkable that rc(t) is not in general coherent to the 
SOI transmitter since it adopts the non-coherency from the 
distributed sensors. In other words, there are unknown mag-
nitude, timing, carrier frequency and phase offsets between 
the SOI and rc(t) although RTO, RFO, and RPO are elimi-
nated after fusion., The non-coherence between the un-
known transmitter and the combined signal is not an ob-
stacle to signal sensing and modulation classification since 
the practical automatic modulation classifier has been de-
signed to address the offset problem for SISO RF/IF signals, 
although most of publications only discuss baseband signal 
classification. 

V. AUTOMATIC MODULATION CLASSIFICATION 

 Distributed signal exploitation benefits many research 
areas and applications such as RF power detection, emitter 
geolocation and identification, spectrum survey and moni-
toring, etc. This paper uses automatic modulation classifica-
tion as an example which has applications in both military 
and commercial systems [11]. AMC is a tool to identify the 
modulation scheme of a transmitted signal with a high prob-
ability of success within a short observation time period. In 
general, the software operates with wideband signal sensing 
or detection hardware. The signal sensing equipment scans 
the specified wideband for an SOI defined by certain criteria 
such as carrier frequency, spectrum power, preamble, 
bandwidth, etc. Signal sensing methods have been exten-
sively discussed in open literature and spectrum power 
search with a given threshold or template is a very popular 
signal sensing method used by signal exploitation equip-
ments. The fusion of multiple asynchronous signal copies 
provides a higher probability of successful signal detection 
and classification. 
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ing. In practical environment, the performance will be de-
graded due to the estimation and processing errors, unex-
pected signal distortion, and unpredictable channel condi-
tions. The simulation of the automatic modulation classifi-
cation of distributed signal copies and the probabilities of 
correct classification of various modulation schemes have 
been discussed and compared in [2][3] using both the max-
imum-likelihood and cumulants tests.  

VII. CONCLUSION 

 Distributed signal sensing is an important subject with a 
lot of interest in recent years. The advantage to using asyn-
chronous and heterogonous sensors is to leverage the low-
cost or existing communication devices and network with-
out significant investment.   
 The nonlinear offsets RTO and RFO can be estimated 
independently with the fast search using MCFs, and the li-
near offsets RMO and RPO can be calculated directly after 
RTO and RFO estimation. The offset estimation does not 
need the knowledge of the based band signal information. 
That is, the symbol rate, carrier frequency, carrier phase, 
pulse-shaping filter, over-sampling rate, etc. are not known. 
The estimation is robust in the low SNR. The asynchronous 
signal copies with RMO, RTO, RFO, RPO, and RSO can be 
combined coherently after post-synchronization. The prop-
erly combined signal has been demonstrated to achieve the 
better performance in signal sensing and modulation classi-
fication.  
 Since distributed signal sensing and classification is an 
emerging technology, more efficient non-pairwise post-
synchronization methods should be exploited for fusing 
signals in an extremely large sensor network within a short 
time period, sensor interfaces and operation scenarios 
should be studied by identifying a current or future platform 
covering a wide frequency range, simulation should be con-
ducted to evaluate the post-synchronization based AMC 
methods, theoretical upper and lower bounds may be calcu-
lated based on the number of sensors in the network, and the 
time-varying channel parameter must be investigated for 
optimal signal combining. Asynchronous signal sensing and 
classification is a new and challenging subject which 
presents many opportunities for future research and poten-
tial advancements.  
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