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ABSTRACT 
 
This paper describes how to build a wideband 
digital receiver using 2 FFTs with bit-reduced 
kernels and beat frequency resulting from the square 
of the sampled input data. It reduces the 
computation time, increases the instantaneous 
dynamic range, and improves the frequency 
resolution if compared with a typical fix point FFT 
approach. Without losing the generality, a 10 bit 
A/D converter, 2.56 GHz sampling rate, and 256 
points of data processing are used for illustration of 
this approach. The Matlab simulations are used to 

compare the new approach with the approach using 
a 10-bit fix point FFT. The simulation results are 
tabulated. 
 
 
 
INTRODUCTION 
 
A typical approach to detect more than one signal 
for a wideband digital receiver is to use the FFT 
(Fast Fourier Transformation). If  high dynamic 
range is a requirement for this wideband receiver, 
the number of the bits of  the A/D converter has to 
be increased and a proper window function has to be 
applied. The typical FFT approach needs a great 
amount of firmware area and significant 
computation time.  In general, the required 
computational time and the area of firmware will 
increase with the number of bits. For the receiver 
with a high dynamic range, even the most current 
and most advanced FPGA technology can’t meet the 
needs of the computational speed and memory load 
of the firmware. The other disadvantage of the FFT 
approach is the frequency resolution will adversely 
be reduced as the side lobe level of the window 
function decreases.  Two signals with a small 
frequency difference can’t be detected individually 
even when they have almost the same strength. This 
paper discusses an approach to reduce the 
computation and firmware load and also resolves 
two signals even when they have a very small 
difference in the frequency and a very large 
difference in the amplitude. Compared with regular 
10-bit FFT approach, from Case 3 table below, the 
dynamic range  improvement can be as large as 5db 
and the frequency resolution improvement can be 
from 30MHz(3 frequency bins) of typical approach 
to 0.2 MHz (0.2 frequency bit) of the new approach. 
If  the requirements for the dynamic range and the 
frequency resolution are reduced, it can still work 
well for more than two input signals 
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DESCRIPTION 
 
Without losing the generality, we use a 
converter sampled at 2.56 GHz, and a b
processing of 256 points of data for the 
of this approach. As shown in the figure
A/D converter, the DC offset of the A/D
has to be removed. This corresponds to 
sampled data by the mean value. After s
the data will become a 2’s complement 
copy of the data is buffered for later usa
other copy of data is checked for its’ ma
the maximum of the data is greater than
are shifted right 2 times to remove the 2
significant bits. 8 bits of data are multip
Hanning window and then perform a bit
FFT (a bit-reduced FFT is an FFT whos
functions are quantized with less bits tha
data. For example, data for the FFT is 8
kernel functions could be 4 bits). Howev
maximum number of the bits for the ker
so long as the FPGA or the VLSI progra
memory can afford. After the FFT, the a
the FFT results are compared against the
thresholds. All the amplitudes above the
are analyzed for the local peaks. Each lo
considered as a detected signal. The amp
the frequency of the local peak are those
signal. If  more than one signals are dete
signal is detected, the receiver reports th
the process completes. If only one signa
the process continues and the copy of th
buffer are squared. In this case, there are
possibilities: (1) There is only one signa

2 of 6 

DETECT  2ND SIGNAL 
THROUGH BEAT 

SIGNAL

B

reduced FFT with
4,5 bits) kernels

nning window

it-reduced  FFT with
,6,6,8 bits) kernels

 
rithm 

10-bit A/D 
atch 
illustration 

e 1, after the 
D converter 

subtract the 
subtraction, 
number. One 

age and the 
aximum. If 
n 128, they 
2 least 
plied by the 
t-reduced 
se kernel 
an that of the 
 bits but the 
ver, use the 
rnel functions 
ammable 
amplitudes of 
e detection 
e thresholds 
ocal peak is 
plitude and 
e of the 
ected or  no 
he result and 
al detected, 
he data in the 
e three 
als, (2) the 2nd 

signal is below the threshold, o
very close to the first signal in 
as one signal in the first FFT s
signal exists, the following pro
more signals. If  there are two 
signals, let x be the strong sign
in the bit-reduced FFT, let y be
which is below the threshold a
detection or mixed in the spect
noise, and let w1 and w2 are the
y respectly. 
 

twBytwAx +=+= )sin();sin( 2211 θθ

cos(())()cos((
2

2cos()22cos(
2

)(2

sin()sin(2)sin(

12121

2
2

11
222

2
211

2
11

22

wABtwwAB

dtwBtwABA

nyxn

twtwABtwAs

+−−+−+

+++
−+≈

+++

++++=

θθ

θθ

θθ

 
Case I   |w1-w2 |≥ 4 frequency b
 

 

 

or  (3) the 2nd signal is 
frequency but appears 
pectrum. If only one 

ocess will detect no 
signals, If  there are 2 

nal which was detected 
e the weak signal 

and missed the 
trum of the x,  let n be 
e frequencies of x and 

nyxs ++=);   

)(2))()

)

)sin()

212

2

22
2

2

yxntw

twB

++++

++

θθ

θ

θθ (1) 

bins 

 

 



 

 

Figure 2 (a) FFT spectrum of  x+y+n if 
of two signal are widely separated . (b) F
spectrum of ( x+y+n)2 
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The frequency of the strong signal, w1, c
estimated very accurate by comparing th
amplitude results of the peak and those 
adjacent frequency bins. After w1 is dete
points of tmw2j 1e Δ−  can be generated fro
complex exponential function table. 
 
First, remove the DC constant A2 /2 from
squared data sequence 2

ms  by following 
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m is the final squared data with dc and

term removed. The Rm is the residues of
strongest term and 2nmxm is the dominan
multiply y’

m with a Hanning window and
reduced bit FFT. After the FFT, we use 
spectrum (1st 128 frequency bins) to det
signals against threshold. From (5) abov
amplitudes of the signals of the sum and
difference frequency are the same. If the
detected they should be detected togethe
one signal detected above threshold, it i
detection. If  two signals detected above
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In this case, w1 and w2  are very close. As shown in 
Figure 3a, the spectrum of x and y are mixed 
together. The frequency measured in the first bit-
reduced FFT spectrum is the frequency of the 
combined signal. Because the frequencies of x and y 
are very close,  so are the frequencies of the signals 
they generate in the s2 which are 2w1, 2w2 and w1 + 
w2. As shown in Figure 3b, the spectrum of the 
signals s2 are all mixed together. Since procedures 
are the same for case I and II, the frequency of  the 
strong signal measured in this case is the frequency 
of the mixed signal of x and y and the step 
‘REMOVE SQUARED TERM OF FIRST SIGNAL’ 
in the algorithm remove the DC term and great part 
of combined signals of  2w1, 2w2 and w1 + w2. (For 
the Case I, this step will almost completely  remove 
the signal of the frequency 2w1)  This step will 
reduce the dynamic range requirement of the FFT 
and that is the reason a further bit-reduced FFT can 
be used. In the algorithm of Figure 1, after the 2nd 
bit-reduced FFT, the first step is to check if there is a 
signal detected in the first 3 frequency bins of the 
spectrum, if there is, the following procedure will 
continue, otherwise the procedure of the case I  
mentioned above will enter.   
 
We assume the frequency of the detected signal is at 
wd, which is below frequency bin 4. Since it is so 
small, we can assume wd is the difference frequency 
and | w1 - w2 | = wd. If  the amplitude A of x is 
significantly greater than the amplitude B of y. The 
frequency measured in the 1st bit-reduced FFT of the 
combined signal is very close to w1. The sum 
frequency ws =w1 + w2 could be 2w1– wd or 2w1+ wd. 
The amplitudes of the frequency bins at 2w1–wd and 
2w1+wd are compared. The strong one determines 
the frequency bin of w1 + w2. Since 2w1, w1 + w2, | 
w1 - w2 | are known, w2 can be solved.  
 
If  the amplitude A of x is very close to the 
amplitude B of  y. The frequency of the strong signal 
measured  in 1st FFT is the average of w1 and w2. The 
removal of the strong signal in the s2 is very limited. 
The determination  that  either  2w1– wd or 2w1+wd 
is the sum frequency can be wrong. The same 
problem will occur when B is very small and 
contaminated by noise. Wrongly determine the sum 
frequency can cause the frequency measurement 
error as high as 2wd. 
 
SIMULATION RESULT 

 
The following tables are simulation results. In the 
simulation, a 10- bit ADC is sampled at 2.56 GHz. 
The full scale of ADC: 0.5v p-p (-2dbm). The data 
length for each batch processing is 256 data points 
(100ns).  The noise floor is set at -62dbm which is 
strong enough to toggle one bit. The 10-bit fix point 
FFT with Hanning window is used to compared with 
the new approach. The 1st signal detection threshold 
is 14 dB above the average of the noise floor 
(FAR=10-7). The 2nd signal detection threshold is 50 
dB below the 1st signal peak but greater than 1st 
threshold. 
 
Case 1. Two signals with different strength are used 
as inputs for 10-bit FFT the simulation. The table 1 
shows the different power level and their frequency 
separation requirement for 95% detection of the 
weak signal. 
 
1st signal 
power 
(dbm) 

2nd signal 
power (dbm) 

Frequency 
separation in 
MHz 

-8 -8 30 
-3 -13 40 
-3 -23 40 
-3 -33 50 
-3 -43 60 
-3 -50 70 

 
Case 2. The frequency of 1st signal varies from 
50MHz to 1130 MHz with 1 MHz increment and 
2nd signal frequency is random. The table 2 is the 
cases that the two signals have the same strength  
 
1st signals
Power 
(dbm)

2nd signal
Power 
(dbm)

New 
method  
2nd signal 

10-bit FFT 
2nd signal 
miss

-60 -60 66 60
-30 -30 1 43
-20 -20 2 46
-8 -8 2 32
 
Case 3. The frequency of 1st signal varies from 
50MHz to 1130 MHz with 1 MHz increment and 
2nd signal frequency is random. The table 3 is the 
cases that two signals have very different strength. 
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1st signals 
Power 
(dbm)

2nd signal 
Power 
(dbm)

New method 
2nd signal 
miss

10-bit 
FFT 
2nd signal

-3 -50 19 85 
-3 -53 28 780 
-3 -55 89 1065
 
Case 4.  The frequency of the 1st signal varies from 
50MHz to 1130 MHz with 1 MHz increment and 
2nd signal has frequency 5MHz apart(0.5 frequency 
bin) apart from that of the first signal  
 
1st signals 
Power 
(dbm)

2nd signal 
Power 
(dbm)

New method 
2nd signal 
miss

10-bit FFT 
2nd signal 
miss

-3 -47 75 1081 
-3 -40 14 1081 
-8 -8 8 1028 
-30 -30 45 1032 
 
Case 5.  The frequency of the 1st signal varies from 
50MHz to 1130 MHz with 1 MHz increment and 
2nd signal has frequency 2MHz(0.2 frequency bin)  
apart from that of the first signal  
 
1st signals 
Power 
(dbm)

2nd signal 
Power 
(dbm)

New method 
2nd signal 
miss

10-bit FFT 
2nd signal 
miss

-8 -8 7 1072 

-20 -20 9 1069 

-23 -23 136 1075 

-3 -33 39 1081 

 
Case 6. The frequency of the 1st signal varies form 
50MHz to 1130 MHz with 1 MHz increment and 
2nd signal has frequency 20MHz(2 frequency bin) 
apart from that of the first signal 
 
1st signals 
Power 
(dbm)

2nd signal 
Power 
(dbm)

New method 
2nd signal 
miss

10-bit FFT 
2nd signal 
miss

-3 -47 15 1081 

-3 -40 16 1023 

-8 -8 7 898 

-30 -30 12 907 
 

Case 7. The frequency of the 1st signal varies from 
50MHz to 1130 MHz with 1 MHz increment and 
2nd signal has frequency 100MHz(10 frequency bins) 
apart from that of the first signal 
 
1st signals 
Power 
(dbm)

2nd signal 
Power 
(dbm)

New 
method 
2nd signal 

10-bit FFT 
2nd signal  
miss

-3 -55 45 1074 
-3 -52 13 156 
-3 -47 12 0 
-3 -40 9 0 
-3 -38 0 0 
-8 -8 0 0 
-30 -30 0 0 
 
Case 8. The frequency of the 1st signal varies from 
50 MHz to 1130 MHz with 1 MHz increment and 
2nd signal has random frequency between 50 MHz 
to 1130 MHz 
 
 
1st signals 
Power 

2nd signal 
Power 

New method
2nd signal 

10-bit FFT
2nd signal 

-4 -300 1081 1081 
-8 -300 1081 1081 
-20 -300 1081 1081 
-40 -300 1081 1081 
 
CONCLUSION 
 
Compared with regular 10-bit FFT approach, from 
Case 3 table below, the new approach can improve 
the dynamic range  as large as 5db and the frequency 
resolution from 30MHz(3 frequency bins) to 0.2 
MHz (0.2 frequency bit). If  the requirements for the 
dynamic range and the frequency resolution are 
reduced, it can still work well for more than two 
input signals. The determination of sum frequency in 
the Case II ,  |w1-w2 |< 4 frequency bins, could be 
wrong as mentioned before but  the difference 
frequency measured in the Case II  is very accurate. 
In a complete receiver design, there is encoder after  
this algorithm. The encoder will produce PDW 
(Pulse Description Word). It collects all batches 
processed in the pulse duration to determine the 
pulse carrier frequency. We assume two pulse trains 
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received by the receiver, as long as there are stagger 
between two pulses, the knowledge of 2nd signal 
existence and the accuracy of the difference 
frequency measurement are only two things needed 
to determine the frequency of 2nd signal. 
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