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Abstract—A low data-rate communication technique using 

linear step frequency modulated (LSFM) signal is presented. 

When the carrier frequency offset (CFO) between the transmitter 

and the receiver is significant comparing to the symbol rate, the 

techniques using normal signaling waveforms with matched 

filtering become infeasible. In this scenario, wideband chirp 

(linear FM) signal is feasible because of its favorable 

characteristics in ambiguity function. However the fully digital 

implementation of the matched filter for the chirp signal is not 

economic. In this paper, we propose the use of a linear step FM 

signal, which has similar characteristics as a chirp signal, and an 

efficient hardware structure in the digital implementation of the 

corresponding matched filter. 
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I.  Introduction 
Wireless communication techniques have been evolving at 

an exceptional rate recently and will be continually in the near 
future. Although the mainstream techniques are broadband 
wireless communications which satisfy the demand of mobile 
internet services, there are low data-rate techniques due to the 
growing needs of wireless sensor networks deployment [1]. In 
a low-rate wireless personal area network (LR-WPAN) 
standard (IEEE 802.15.4a), the chirp spread-spectrum (CSS) 
signals are used to support long-range links between sensor 
nodes.  

A chirp signal, also known as linear frequency modulated 
(LFM) signal, is a sinusoidal signal whose frequency increases 
or decreases linearly over a certain time span. Traditionally 
this signal is used in radar/sonar applications due to its special 
characteristics in ambiguity function, i.e., pulse compression 
and Doppler shift immunity. Recently the well-known pulse 
compression characteristics of the chirp signal has been 
exploited in communications mainly for immunity against 
multipath/interference or multiple access purposes [2-8]. The 
generation of the transmitted chirp signals and the matched 
filtering in the receiver are mainly relied on the analog surface 
acoustic wave (SAW) chirped delay lines [9-10].  Due to the 
rapid development the flexibility in the digital technology, a 
full-digital implementation of the chirp modulator/matched  
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filter is thus desired. In [10], a full-digital implementation 

of radar chirp pulse compression using FFT processors is 

proposed. 

     When a low-rate/low-power wireless communications in 

a relative high RF band is desired, normal digital signaling 

becomes infeasible due to a significant carrier frequency 

offset (CFO) relative to the symbol rate. Although the 

wideband chirp communication techniques with long chirp 

period are adequate in this scenario, the digital 

implementation of the matched filter is not economic.  In 

this paper, we propose the use of a linear step FM signal, 

which has similar characteristics as a chirp signal, and an 

efficient hardware structure in the digital implementation of 

the corresponding matched filter. 

II. Chirp Communications 
The baseband signal of a chirp (linear FM) signal can be 

written as 
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where f denotes the frequency swift range ( 0.5 ~ 0.5f f   ) 

(chirp span) during the chirp period chirpT . The ambiguity 

function of a chirp signal can be approximated by 
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where the ambiguity function of a baseband signal  Bs t is 

defined as the time response of a filter matched to the signal 

when the signal is received with a delay 
d and a Doppler 

shift (CFO) 
Df given as follows 
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The baseband signal of a chirp communication using 
binary orthogonal keying (BOK) is given as follows 
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ka  denotes the kth 

binary data, and symT is the symbol period which can be less 

than chirpT to increase the data rate. The received baseband 

signal in AWGN channel with CFO Cf  phase offset C  

and delay  0 is given as 

        tntfjtstr BCCBB   exp0   

where  tnB  is the AWGN having a spectral density  

0N The corresponding non-coherent receiver is shown in Fig. 

1.  



Figure 1. Non-Coherent Receiver of BOK Chirp 
Communications 

III. Digital Communications using 
Linear Step FM Signal 

As shown in Fig. 1, the digital implementation of the 
matched filter for chirp signals requires an FIR filter with 
large number of taps or an FFT processor with large size. In 
order to reduce the complexity of matched filters, we propose 
a linear step FM signal, which has similar characteristics as a 
chirp signal, and an efficient hardware structure in the digital 
implementation of the corresponding matched filter. The 

baseband signal of linear step FM  (LSFM) signal with a 
frequency swift range f  is given as follows, 

 
 







 






























 


otherwise
M

Tm
t

M

Tm
ets

symsymM

Tm
tfj

LSFM

m
sym

m

                   ,0

1
,

2 

  (6) 

where M   1~0  Mm  and 
)1(2 
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the number of steps and the instantaneous frequency at the 
mth step respectively, while 

m  is the phase adjustment for 

making the signal continual in phase. With an over-sampling 

ratio (OVSR), i.e., MN
T

T
M

sam

sym
 , the sampled baseband is 

given as follows 
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where 
sammmD Tf   2,

. Since the signal at each sub-

symbol step is only a constant frequency signal, the 
corresponding digital matched filter can be efficiently 
implemented with a structure as shown in  Fig. 2 , where  
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is the impulse response of the FIR matched to the signal at the 
mth step and only three constant multipliers is required for 
each sub-filter. Therefore the total number of multipliers is 

M3  comparing to MNM   required in the direct 

implementation of the matched filter for chirp signals. 

 

Figure 2 . Efficient Digital Matched Filter Structure for 
LSFM Signal 
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IV. Simulation Results 
The ambiguity function of a chirp signal is shown in Fig. 3 

where the x-axis and y-axis represent the delay and Doppler 
(CFO) respectively. The ambiguity functions of the proposed 
LSFM signals with the same chirp period, the chirp span and 
different frequency steps are shown in Fig. 4-6. With  M=32, 
64, and 128, the sidelobe peaks are -6 dB, -20 dB, and -28 dB, 
respectively. The sidelobes will cause the ISI, when their 
locations coincide the symbol period, which can be controlled 
by adequate selection of the number of frequency steps.  The 
simulated BER performance of BOK using LSFM signals with 

4Sf f   (chirp span), 8192sym ST f  (chirp period) 

 8192MN N M   , 10c symf T   (CFO), and 64M   

(number of frequency steps) is shown in Fig. 7, where the 
signal-to-noise ratio is expressed by  

0bE N . For 

0 10 dBbE N  , the corresponding signal to (transmission) in-

band noise power ratio is noticed to be 

0

4
23 dBS N bP P E N

N
     due to the wideband 

characteristic of the low-rate signaling.  
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Figure 3. Ambiguity function of a Chirp signal 
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Figure 4. Ambiguity function of a Linear Step FM signal 
(M=32,N_M=256, Peak Sidelobe=-6 dB) 
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Figure 5. Ambiguity function of a Linear Step FM signal 
(M=64,N_M=128, Peak Sidelobe=-20 dB) 
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Figure 6. Ambiguity function of a Linear Step FM signal 
(M=128,N_M=64, Peak Sidelobe=-28 dB) 

 

Figure 7. simulated BER performance of BOK using 

LSFM signals with 4Sf f   (chirp span), 8192sym ST f  

(chirp period)  8192MN N M   , 10c symf T   (CFO), and 

64M  (number of frequency steps) 
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V. Conclusion 
    Communication techniques using wideband chirp 

signals are feasible for a low-rate/low-power wireless 
communications with significant CFO. However, the digital 
implementation of the corresponding matched filter is not 
economic.  relative to the symbol rate. In this paper, we 
propose the use of a linear step FM signal, which has similar 
characteristics as a chirp signal, and an efficient hardware 
structure in the digital implementation of the corresponding 
matched filter. 
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