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Abstract: We proposed a novel structure design method of delta-sigma modulator based on genetic 

algorithm. Compared to the traditional method, SNR of the restored signal under the optimized 

structure at the receiver is increased by ~6dB. © 2022 The Author(s) 

 

1. Introduction 

In 2016, delta-sigma modulation technology was first applied in optical communication in the realization of 5G digital 

transmitter in mobile fronthaul [1], which is called delta-sigma radio over fiber (DSRoF). Compared with traditional 

digital radio over fiber (DRoF) based on the Common Public Radio Interface (CPRI), DSRoF has higher spectrum 

utilization efficiency. Moreover, the carrier frequency and modulation format are adaptive and compatible, which is 

convenient for subsequent upgrades. Meanwhile, only one electrical filter can restore the analog signal, which greatly 

reduces the construction cost and is very conducive to the deployment of mobile fronthaul networks. Recently, various 

types of delta-sigma modulators (DSM), baseband, band-pass, and multi-band, have been reported [2-5]. The 

distribution of quantization noise is determined by the structure and parameters of the DSM. Better noise shaping 

performance of DSM requires higher order, which means more parameters needs to be determined, largely increasing 

the difficulty of modulator design. Thus, optimized structure design appears quite important for the modulator. The R. 

Schreier DSM structure design package, which can design DSM structure in any order, with any oversampling rate 

(OSR) and at any center frequency, is the most commonly used platform in MATLAB program [6]. However, since 

the requirement of signal-to-noise ratio (SNR) and the error vector amplitude (EVM) is relatively high in the mobile 

fronthaul, structure of the R. Schreier designed DSM still has room to be improved. The parameters traversal method 

is usually used to design the DSM structure. However, the amount of calculation is huge, especially for the higher 

order structure. For instance, to deal with 6-order DSM structure, the parameters traversal method with 1000 values 

per parameter acquires 1x109 of calculations. Thus, quick searching method for optimized DSM structure and 

parameters is worthy to be investigated. 

    In this paper, we propose a novel DSM structure design method, which uses genetic algorithm (GA) to search for 

various parameters combination to design a DSM structure. We use both of GA and R. Schreier’s design package to 

design a 6-order bandpass DSM structure with an OSR of 8, and the central frequency is 2GHz. We also use these 

two DSMs to carry out a 64-QAM 312.5MBaud mobile fronthaul transmission experiment. The results show that 

compared to the R. Schreier’s method, the DSM structure designed by GA improves the SNR of the recovered signal 

by ~6dB. 

2.  Principle 

 
Fig. 1. The z-domain structure and a, g parameters of a six-order CRFF-DSM structure diagram 

When designing any sort of DSM structure, the two design requirements, stability and practicability, are of essence. 

Stability ensures that the DSM can work stably without overload, which means the output is all +1 or -1. According 

to Lee's rule [7], the stability of DSM is easily satisfied when the maximum value of its noise transfer function (NTF) 
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is less than 4.24dB. Meanwhile, when all poles of a system are located within the unit circle, the system is stable. 

Practicability means the DSM can meet the requirements of desired center frequency, bandwidth and SNR. For any 

DSM structures, it can be uniquely represented by four arrays of a, g, b, and c mathematically. The DSM structure of 

the cascade of resonators weighted feedforward and distributed input coupling (CRFF) architecture has the most stable 

and low distortion characteristic. Fig.1 shows a 6-order CRFF architecture DSM, whose b and c parameters are fixed. 

(b = [1 0 0 0 0 0 1], c = [1 1 1 1 1 1]). The arrays a and g are undetermined, 𝑎 =  {𝑎𝑖}, 𝑖 = 1,2,3,4,5,6. 𝑔 =  {𝑔𝑗}, 𝑗 =

1,2,3 respectively. The g parameter uniquely determines the numerator of the NTF, in which the bandwidth of the 

DSM is decided. Therefore, only the unknown a and g arrays need to be searched to uniquely optimize the DSM 

structure. 

 When designing a CRFF-DSM structure with a specified bandwidth and central frequency, firstly we need to select 

the range of the g parameter according to the bandwidth and center frequency. Then, numbers of random arrays a and 

g are input as individuals to form the first-round population, and set basic conditions, such as crossover and mutation 

factor, population number, evolutionary algebra, etc. The stability of DSM is strictly taken as the optimization 

constraint. And SNR is selected as the optimization objective, i.e. individual fitness. GA can search for array a and g 

in the direction of high fitness. After the evolutionary algebra is completed, the remaining individuals are the DSM 

structures with the highest SNR value. 

Fig. 2. (a) Flow chart of GA searching, (b) Comparison of NTF curves of the two delta-sigma modulators 

3.  Experiment and results 

We have designed a 6-order bandpass CRFF-DSM with an OSR of 8 based on the two methods mentioned above, the 

central frequency is 2GHz. Fig. 2(b) displays the NTF curves of the two structure. Compared with the structure 

designed by R. Schreier’s method, the maximum SNR of CRFF-DSM structure designed by GA is increased by 7.5dB 

in the signal band.   

    Table 1. Detailed parameters of the DSM structure 

 𝑎1  𝑎2  𝑎3 𝑎4 𝑎5 𝑎6 g1 g2  g3 

GA 0.5871 -0.3505 0.0254 -0.1822 -0.0289 -0.0033 -1.3846 -1.6703 -1.1100 

R. Schreier 0.5710 -0.3217 0.0157 -0.1639  0.0080 -0.0483 -1.3820 -1.6773 -1.1009 

    We also experimentally show the performance comparison between these two delta-sigma modulators in mobile 

fronthaul, and the experimental setup is shown in Fig. 3(a). At the transmitting end, we map the original data into a 

64-QAM signal with a baud rate of 312.5Mbaud.  The signal is then processed with a series of digital signal processing 

(DSP) procedures, such as up-sampling and up-conversion, finally be converted into a 1-bit signal through a DSM. 

We use an arbitrary waveform generator (AWG) Keysight M8195A to transmit the 1-bit signal to the Mach-Zehnder 

Modulator (MZM), and transmit it through a 20-km single-mode fiber (SMF). At the receiving end, a variable optical 

attenuator (VOA) is used to control the received optical power. After the optical signal is converted into an electrical 

signal by an optical detector (PD), the signal is collected by an oscilloscope Lecroy LabMaster 10-59Zi for digital 

signal processing such as digital bandpass filtering, down-conversion and down-sampling.  
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 We measured the SNR of the received signal at different received optical powers. As is shown in Fig. 3(d),  under 

the same received optical power of -1dBm, the structure designed by GA method shows ~6dB SNR improvement 

compared with the structure designed by R. Schreier. Meanwhile, In order to obtain the same SNR value for the 

received signal, the received optical power (Prec) required by the structure designed by GA method is ~ 5.5dBm lower 

than that of the structure designed by R. Schreier. 

Fig. 3. (a) Experiment set up, (b)-(c) Constellation of the restored signal  Prec = -1dBm after 20-km SMF with GA 

designed DSM and R. Schreier’s DSM, (d) SNR of the restored signal versus Prec . 

4.  Conclusion 

We have proposed a novel DSM structure design method, which uses genetic algorithm to search for optimized 

parameters combination to design a DSM structure. The GA based delta-sigma modulator structure outperforms R. 

Schreier’s. Loading with 64-QAM signals, the output performance of GA based DSM shows a significant SNR 

improvement of ~6dB. 

5.  Acknowledgements 

This work is supported by National Key Research and Development Program of China (2018YFB1801303) and 

Innovation Fund of WNLO. 

6.  Reference 
[1] J. Wang, Z. Yu, K. Ying, J. Zhang, F. Lu, M. Xu, and G. Chang, "Delta-Sigma Modulation for Digital Mobile Fronthaul Enabling Carrier 

Aggregation of 32 4G-LTE / 30 5G-FBMC Signals in a Single-λ 10-Gb/s IM-DD Channel," in Optical Fiber Communication Conference, OSA 
Technical Digest (online) (Optical Society of America, 2016), paper W1H.2. 

[2] M. Tanio, S. Hori, N. Tawa, T. Yamase and K. Kunihiro, "An FPGA-based all-digital transmitter with 28-GHz time-interleaved delta-sigma 

modulation," 2016 IEEE MTT-S International Microwave Symposium (IMS), 2016, pp. 1-4. 

[3] A. Frappe, A. Flament, B. Stefanelli, A. Kaiser and A. Cathelin, "An All-Digital RF Signal Generator Using High-Speed ΔΣ Modulators," in 

IEEE Journal of Solid-State Circuits, vol. 44, no. 10, pp. 2722-2732, Oct. 2009. 
[4] S. Chung, Rui Ma, S. Shinjo and K. H. Teo, "Inter-band carrier aggregation digital transmitter architecture with concurrent multi-band delta-

sigma modulation using out-of-band noise cancellation," 2015 IEEE MTT-S International Microwave Symposium, 2015, pp. 1-4. 

[5]L. Zhong, Y. Zou, S. Zhang, X. Dai, J. Zhang, M. Cheng, L. Deng, Q. Yang, D. Liu," Experimental Demonstration of Delta-sigma Modulation 
Supported 65536-QAM OFDM Transmission for Fronthaul/WiFi Applications," in European Conference on Optical Communications (ECOC), 

paper Th2F.4 (2021). 

[6] R. Schreier and G. C. Temes, Understanding Delta-Sigma Data Converters, John Wiley & Sons, New York, 2004 
[7] Steven R. Norsworthy; R. Schreier; Gabor C. Temes, Delta-Sigma Data Converters: Theory, Design, and Simulation, IEEE Press, 1996 

VOA
PD

KEYSIGHT M8195A

TX
RX

（a）

CW

（b） （c）

SMF

MZM

Lecroy LabMaster 10-59Zi-A

               

 
   

    

  

  

  

  

  

  

  

  

  

  

  

 
 
 
  

 

  

          

~6dB

    

        

  

  

  

  

 

 

 

 

 

 
 
 
 
  
  
  

                                

（d）

20-km

6
4
-Q

A
M

m
o

d
u

la
ti

o
n

U
p

-s
a
m

p
le

P
u

ls
e
 s

h
a
p

in
g

U
p

-c
o

n
ve

rs
io

n

1
b

it
 

d
e
lt

a
-s

ig
m

a
 

m
o

d
u

la
ti

o
n

O
ri

g
in

a
l 
d

a
ta

D
S
P

B
a
n

d
p

a
ss

 F
il
te

r

P
lo

t 
co

n
st

e
ll
a
ti

o
n

D
S
P

C
a
lc

u
la

te
 S

N
R

D
o

w
n

sa
m

p
le

m
a
tc

h
e
d

 f
il
te

ri
n

g
D

o
w

n
co

n
ve

rs
io

n

~5.5dBm

M1C.3 OFC 2022 © Optica Publishing Group 2022

Disclaimer: Preliminary paper, subject to publisher revision


