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Digital Mobile Fronthaul Based on Performance
Enhanced Multi-Stage Noise-Shaping

Delta-Sigma Modulator
Ke Bai , Dongdong Zou , Zixuan Zhang , Zibin Li , Wei Wang, Qi Sui , Zizheng Cao , and Fan Li

Abstract—A novel topology multi-stage noise-shaping (MASH)
delta-sigma modulator is proposed for 20-km digital mobile fron-
thaul (MFH) in this article. In the proposed MASH structure, a
newly designed feedback unit is combined with a traditional fourth-
order sturdy MASH structure to enhance the noise-shaping capac-
ity. The detailed comparison between the conventional fourth-order
single delta-sigma modulator (SDSM) and the proposed new topol-
ogy MASH is presented in a 512/1024 quadrature amplitude modu-
lation (QAM) orthogonal frequency division multiplexing (OFDM)
transmission system with the bandwidth of 1.125 GHz. The OFDM
signal is quantized to two bits by SDSM/MASH analog-to-digital
conversion (ADC), and this digitized signal is transmitted over
20-km single mode fiber (SMF) in 20-Gbaud 4-level pulse am-
plitude modulation (PAM4) intensity modulation direct detection
(IM/DD) system. The signal to noise ratios (SNRs) of the retrieved
OFDM signal utilizing the proposed new topology MASH and the
fourth-order SDSM ADCs are 38.7dB and 34.5dB, respectively. In
the case of 1024-QAM PAM4 system, the error vector magnitude
(EVM) floors of the proposed new topology MASH and the con-
ventional fourth-order SDSM schemes are 1.64% and 1.96% over
20-km SMF transmission at off-line digital signal processing (DSP)
reception, and 1.2 dB receiver sensitivity improvement is achieved.

Index Terms—Delta sigma modulation, single delta sigma
modulation, MASH, quantization noise shaping, mobile fronthaul,
radio assess network.
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I. INTRODUCTION

W ITH the advent of the 5G era, the volume of data from
end users has exploded [1]. Therefore, the requirement

of signal transmission capability in radio access network (RAN)
is also increasing [2], [3]. To enhance the capacity and flexibility
of mobile data network and the cooperation between cells in 4G
era, centralized/cloud RAN (C-RAN) architecture was proposed
to separate baseband signal processing from base station (BS)
and centralize it in the baseband units (BBUs) [4]. Additionally,
the radio-over-fiber (ROF) technique is employed to connect
BBUs and remote radio heads (RRHs) [5]. In this way, C-RAN
architecture is divided into two segments, the fiber link between
BS and BBUs is defined as one segment with mobile backhaul,
which alleviates traffic congestion. And the fiber link from BBUs
to RRHs is another segment defined as mobile fronthaul (MFH),
which has quite low latency requirements in the 5G era [6].

To accommodate heterogeneous radio access technologies in
the 5G era, three different architectures shown in Fig. 1 are
investigated to implement in the MFH. Fig. 1(a) describes the
progress of the analog MFH [7]–[9], where analog signal is
directly carried on the optical carrier after electro-optic (E/O)
modulation unit, and then transmitted over optical analog link.
The analog MFH has the advantages of simple system structure,
low system cost and high spectrum efficiency [7], [8]. The noise
and nonlinear distortions in the analog link, however, would
seriously hazard the system performance [9]. These distortions
can be effectively alleviated with digital common public radio
interface (CPRI) [10], [11] MFH, and it is shown in Fig. 1(b).
Baseband analog signal is firstly converted to digital signal based
on CPRI, then the digital signal is carried on an optical carrier
after E/O modulation unit and transmitted over optical digital
link. CPRI, which has been proposed by Ericsson, Huawei, NEC
and Nokia in the 3rd Generation Partnership Project (3GPP), was
extensively studied in digital MFH [12]–[14]. However, due to
the explosive growth of end user’s bandwidth requirement in
5G era, lower spectrum efficient CPRI becomes the bottleneck
in digital MFH to support tremendous mobile data transmission.
For example, CPRI digitizes each 20 MHz LTE signal with
a sampling rate of 30.72MSa/s, 15 quantization bits and one
control bit. As the nominal chip rate of CPRI is 3.84 MHz, it is
over-sampled to 30.72 MHz to obtain the timing references for
20 MHz LTE channel [12]. The number of quantization bit is set
to 15 for capacity efficiency in CPRI implementation via field
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Fig. 1. Architectures of mobile fronthaul. (a) Analog mobile fronthaul. (b)
Digital mobile fronthaul based on CPRI. (c) Digital mobile fronthaul based on
DSM.

programmable gate array (FPGA), and a line coding of 8b/10b
is used for DC balance, disparity check and synchronization
of the LTE framing. Thus, the CPRI interface rate of 20 MHz
LTE signal is 1.23 Gb/s = 30.72 MSa/s × 16 bit/Sa × 10/8
× 2 (including both I and Q). In order to support 32 carrier
aggregations (CAs) of 3GPP release 13, interface rate up to 39.36
Gb/s = 32 × 1.23 Gb/s of CPRI is required, which cannot be
supported by any existing optical access network [8]. If multi
input multi output (MIMO) technique is used to improve the
signal capacity, the interface rate of CPRI will increase linearly
with the growth of antennas [6].

To solve the CPRI bottleneck in MFH, techniques including
compression CPRI, time division multiplexed (TDM),
wavelength division multiplexed technique (WDM) and various
function splits have been investigated [15]–[17]. Recently,
delta-sigma modulator (DSM) technique shown in Fig. 1(c) is
proposed to solve the CPRI bottleneck in digital MFH [18]–[23].

And the DSM interface is used in BBUs to take the place of
the CPRI interface, and the DAC in RRHs is substituted by a low
pass filter (LPF). DSM technique leverage the benefits of both
digitized and analog MFH [18], it not only achieves four times
spectrum efficiency improvement, but also avoids the usage
of high-resolution DAC in RRHs. For instance, a fourth-order
single DSM (SDSM) with one quantization bit and 8 times
over-sampling rate (OSR) was experimentally verified in optical
and wireless access network [8]. Compared with CPRI, 32
CAs LTE signal modulated by two quantization bits DSM only
occupies 10-Gbaud interface rate without error vector magnitude
(EVM) performance degradation. The good EVM performance
is attributed to the noise-shaping technology of DSM, which
pushes the quantization noise to out-of-band high frequency
to improve the signal-to-quantizing-noise rates (SQNR) [24].
And four-level quantizer have been investigated to achieve better
signal quality [19], [20]. As for hardware implementation, a low
pass DSM based on multi-stage noise-shaping (MASH) 1-1 has
been implemented in PFGA with 21GSa/s sampling rate, provid-
ing 1.1 GHz bandwidth with 32.04dB SQNR [21]–[23]. A radio
frequency (RF) transmitter based on real-time delta-sigma mod-
ulation is implemented using a Xilinx Virtex-7 FPGA, which
supports 5GSa/s sampling rate and 252 MHz bandwidth [25].

Fig. 2. Operation principle of DSM.

In this paper, we propose and experimentally demonstrate
a new topology MASH structure to replace the fourth-order
SDSM in digital MFH, which can further improve the noise-
shaping capability and enhance the SQNR of digitized signal
under the same quantization bits and OSR condition. To verify
the improvements, a baseband analog signal with bandwidth
of 1.125 GHz can support 56 CAs LTE signal, which is first
quantized into two quantization bits data stream with either the
fourth-order SDSM or the new topology MASH modulator, then
the transmission and reception of data stream as a 20-Gbaud
4-level pulse amplitude modulation (PAM4) signal is achieved
in intensity modulation direct detection (IM/DD) system. The
experimental results show that 1.96% EVM is obtained by using
the fourth-order SDSM scheme, the highest order of achievable
modulation format is 512 quadrature amplitude modulation
(QAM). And the EVM is reduced to 1.64% by adopting the
proposed new topology MASH scheme, which means the system
can support up to 1024-QAM modulation format according to
[25]. In this paper, we only focus on low-pass DSM. In practical
application, mobile signal needs to be down-converted to inter-
mediate frequencies in BBUs, and the retrieved signal needs to
be up-converted to radio frequencies for wireless transmission
in RRHs.

The rest of this paper is organized as follows. Section II
presents the principle of the fourth-order SDSM and the new
topology MASH. Section III and IV illustrate the experimental
setup and results discussion, respectively. Finally, our work was
summarized in Section V.

II. OPERATION PRINCIPLES

CPRI is widely used in RAN as a conventional digital MFH
technology, while the huge signal transmission capacity of CPRI
becomes the data rate bottleneck of digital MFH that needs to
be broken. In this paper, DSM interface is employed to replace
CPRI interface to enhance spectrum efficiency in digital MFH,
and the operation principle of DSM is shown in Fig. 2. Firstly,
the baseband signal was quantized into two bits digital signal.
Due to the low-resolution quantizer and Nyquist sampling, a
large amount of quantization noise appears within the signal
frequency band. Next, higher OSR is employed to expand fre-
quency domain width and reduce the quantization noise density
[26], [27]. Then, the noise in baseband is moved out of the band
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TABLE I
COMPARION OF SDSM AND NEW TOPOLOGY MASH

by utilizing the noise-shaping technique. Finally, an LPF is used
to retrieve the baseband signal in RRHs. Two DSM structures,
including fourth-order SDSM and new topology MASH, are
considered and compared in this paper. The parameters of the
two modulators are given in Table I.

A. Single Delta-Sigma Modulation

The fourth-order SDSM used in digital MFH has been re-
ported in [8], [25], [28], [29], and the optimal noise transfer
function (NTF) of SDSM is shown in the Table I as case Ⅰ.
Essentially, the SDSM structure is a feedback loop including
a quantizer and four integrators. The input signal and output
feedback are fed into each integrator with weight factors an
and bn. The first and second integrators are combined with the
feedback factor −g1 to form one resonator, and the third and
fourth integrators are combined with the feedback factor −g2 to
form the other resonator. This configuration is called cascade of
resonators with distributed feedback (CRFB) structure, which is
one of the most classical structures of SDSM [30]. The NTF and
signal transfer function (STF) of the fourth-order CRFB SDSM
structure were given in [30]:

NTF =[
z2 − (2− g1) z + 1

] [
z2 − (2− g2) z + 1

]
(a1 + a2) z2 − a2z +

⎧⎨
⎩

[
z2 − (2− g1) z + 1

]×[
z2 +

(
a3 + a4
−2 + g2

)
z + 1− a4

]⎫⎬⎭
(1)

STF =

[
(b1 + b2) z

2 − b2z
]
+

⎧⎨
⎩

[
z2 − (2− g1) z + 1

]×[
z2 +

(
b3 + b4−

2 + g2

)
z + 1− b4

]⎫⎬⎭
[(a1 + a2) z2 − a2z] +

⎧⎨
⎩

[
z2 − (2− g1) z + 1

]×[
z2 +

(
a3 + a4−

2 + g2

)
z + 1− a4

]⎫⎬⎭
(2)

In order to separate signal and quantization noise, STF should
act as a low pass filter or a constant function to ensure integrity
of signal in low frequency, and high pass filter is chosen for NTF
to push the quantization noise into out-of-band high frequency.
And the nth input weight factor bn is set equally to the nth
feedback weight factor an in DSM. The Eq. (2) can be simplified

TABLE II
THE WEIGHT FACTORS BOTH OF SDSM AND NEW TOPOLOGY MASH

as:

STF = 1 (3)

The feedback loop structure of SDSM determines that NTF
is a high pass filter. The specific weight factors an, bn and gn
of the CRFF SDSM structure are calculated by substituting the
optimal NTF into Eq. (1). And the specific weight factors are
shown in Table II.

Consequently, the overall output of SDSM is expressed as:

V = STF × U +NTF × E

= U +NTF × E (4)

where E represents quantization noise, U and V represent the
input and output of modulator, respectively.

B. The Fourth-Order Sturdy MASH

A zero-poles extension technology based on the sturdy MASH
modulator is proposed in this paper. The zero-poles extension
technology is combined with the sturdy MASH to form a new
topology of MASH structure, which has better noise-shaping
capability than the optimal SDSM. Here, before the new topol-
ogy MASH, the fourth-order sturdy MASH modulator is firstly
designed according to the optimal NTF of the fourth-order
SDSM.

Fig. 3(b) shows the fourth-order sturdy MASH modulation
structure [31]. Both the two stages of the sturdy MASH are
second order SDSM. The quantization error E1 of stage 1 is
fed to stage 2. In stage 2, since the input E1 is itself noise-like,
the quantization error E2 after the internal quantizer Q2 is very
similar to white noise and much smaller than E1. And output Y ′

q

of stage 2 is fed into stage 1 to further eliminate the quantization
noise E1.

In the fourth-order sturdy MASH structure, the output of each
stage is quantized into bit streams which are combined to obtain
the overall output. To ensure a four-level digital overall output, a
two-level quantizer is used in stage 1 and a three-level quantizer
is adopted in stage 2. If we define that the input path is L0 and
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Fig. 3. Structures of delta-sigma modulator. (a) The fourth-order SDSM based on CRFB structure. (b) The fourth-order sturdy MASH structure. (c) The proposed
new topology MASH structure.

the feedback path is L1 in each stage, we derive L0 and L1 from
stage 2.

X =

(
b3 × 1

1− z−1
× z−1

1− z−1
+ b4 × z−1

1− z−1

)
× E1

+ g2 ×
(

1

1− z−1
× z−1

1− z−1

)
×X

+

(
a3 × 1

1−z−1 × z−1

1−z−1

+a4 × z−1

1−z−1

)
× Yq

′ (5)

L1 =
Yq

′

X
= − (a3 + a4)Z

−1 − a4Z
−2

Z−2 − (2− g2)Z−1 + 1
(6)

L0 =
E1

X
+ 1 =

(b3 + b4)Z
−1 − b4Z

−2

Z−2 − (2− g2)Z−1 + 1
+ 1 (7)

The output of stage 2 is

Yq
′ = L0 × E1 + L1 × Yq

′ + E2

=
L0

1− L1
× E1 +

1

1− L1
× E2

= STF2 × E1 +NTF2 × E2 (8)

The STF2 and NTF2 of stage 2 are expressed as:

STF2 =
L0

1− L1
= 1 (9)

NTF2=
1

1− L1
=

1− (2− g2)Z
−1+Z−2

(1− a4)Z−2−(2− g2 − a3 − a4)Z−1+1
(10)

In a similar way, the STF1 and NTF1 of stage 1 can be
expressed as:

STF1 = 1 (11)

NTF1 =
1− (2− g1)Z

−1 + Z−2

(1− a2)Z−2 − (2− g1 − a1 − a2)Z−1 + 1
(12)

Then, we derive the overall output V of the fourth-order sturdy
MASH:

V = STF1 × U +NTF1 × (−Yq
′ + E1)

= STF1×U+NTF1×(−STF2×E1 −NTF2×E2+E1)

= U −NTF1 ×NTF2 × E2 (13)

In order to maintain the fourth-order sturdy MASH struc-
ture with the same noise-shaping capability as the fourth-order
SDSM structure, zero-poles of NTF1 and NTF2 are designed by
tracking the zero-poles of the fourth-order SDSM NTF.

NTF1 ×NTF2 = NTF (14)

By substituting the optimal NTF first tow zero-poles in NTF1

and the last two zero-poles in NTF2, the specific weight factors
of MSAH structure are calculated and shown in Table II.

C. New Topology MASH Modulator

Fig. 3(c) shows the new topology MASH based on the
fourth-order sturdy MASH. The new topology MASH structure
increases two orders noise-shaping capability than the sturdy
MASH by employing an extra analog inter-stage path. Although,
this zero-poles extension technology can be applied to any
order of sturdy MASH structure, the inter-stage path may be
complicated for higher-order sturdy MASH structure. As shown
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Fig. 4. Zero-poles of NFT, magnitude-frequency curve and noise spectrum. (a) Zero-poles of the fourth-order SDSM. (b) Magnitude-frequency curve of the
fourth-order SDSM. (c) Quantization noise power spectral density of the fourth-order SDSM. (d) Zero-poles of the new topology MASH. (e) Magnitude-frequency
curve of the new topology MASH. (f) Quantization noise power spectral density of the new topology MASH.

in Fig. 3(c), the feedback unit is designed as an extra analog
inter-stage path to increase zero-poles of sturdy MASH. The
output Y ′′ can be expressed as:

Y ′′ = (L0 − 1)× E1 + L1 × (Yq
′ + Y ′′) (15)

(1− L1)× Y ′′ = (L0 − 1)× E1 + L1 × (E1 +NTF2 × E2)
(16)

Since:

(L0 − 1) = −L1 (17)

Y ′′ =
L1

1− L1
×NTF2 × E2

= (1−NTF2)×NTF2 × E2 (18)

The output of the new topology MASH is

V = STF1 × U +NTF1 × (−Y ′
q + E1 + Y ′′)

= STF1 × U +NTF1

×
[ −STF2 × E1 −NTF2 × E2+
E1 + (1−NTF2)×NTF2 × E2

]

= U −NTF1 ×NTF2 ×NTF2 × E2 (19)

Compared with the fourth-order SDSM, an additional NTF2

has noise suppression effect on the quantization noise E2, thus,
the new topology MASH modulator has better noise-shaping
capabilities. The specific NTF of the new topology MASH is
shown in the Table I as case II.

D. Zero-Poles

To compare the noise-shaping capability of the fourth-order
SDSM and the new topology MASH structures in detail, zero-
poles, magnitude-frequency curve and noise spectrum of NTF
are plotted and shown in Fig. 4. The number of zero-poles is
usually equal to the order of the modulator. The fourth-order
SDSM NTF has four zero-poles, as shown in Fig. 4(a). The four
zeros are separated on the unit circle and spread over the signal
band, because spreading the zeros will reduce the noise power
in the signal band. The steep high-pass magnitude-frequency
curve of the fourth-order SDSM NTF is shown in Fig. 4(b),
the zero-poles located in the signal band cause slightly un-
even noise floor in the signal band but pushes the quantiza-
tion noise out-of-band high frequency. And the top of noise
power spectral density in signal band is −66 dBm, as shown
in Fig. 4(c).

The zero-poles of the new topology MASH NTF are shown
in Fig. 4(d). The new topology MASH NTF has six zero-poles,
compared with the fourth-order sturdy SDSM, two additional
zero-poles of the new topology MASH is aligned with the two
outermost zero-poles of the fourth-order SDSM as shown in red
dotted circle. The magnitude-frequency curve of new topology
MASH is shown in Fig. 4(e), the magnitude is reduced at zero-
poles of NTF2. The top noise power spectral density in signal
band is reduced to −70 dBm, as shown in Fig. 4(f). Obviously,
the noise shaping ability of the new topology MASH is better
than that of the fourth-order SDSM.
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Fig. 5. Histogram of PAM4 signal (a) modulated by fourth-order SDSM (b)
and modulated by the proposed new topology MASH.

E. Performance Comparison of Modulated PAM4 Signal

In this experiment, baseband orthogonal frequency division
multiplexing (OFDM) signal is quantized into PAM4 signal
by the two above-mentioned types of modulators, and the his-
tograms of the PAM4 signal are shown in Fig. 5. In both Fig. 5(a)
and Fig. 5(b), ±1 symbols are much more than ±3 symbols due
to the Gaussian distribution characteristics of OFDM signal. And
the density of ±1 shown in Fig. 5(b) is higher than the one in
Fig. 5(a). Thus, the average power of MASH-based PAM4 signal
is less than that of the SDSM-based PAM4 signal, which means
the received PAM4 signal generated by MASH modulator will
show better noise tolerance at the same received optical power
(ROP).

After an LPF, the PAM4 signal is converted into an OFDM
signal. Under the PAM4 error free signal reception condition,
signal to noise ratio (SNR) of the retrieved OFDM signal using
the fourth-order SDSM and the new topology MASH modulator
in system are 34.5dB and 38.7dB, respectively.

Taking both the noise tolerance of transmitted PAM4 signal
and SNR of retrieved OFDM into consideration, the new topol-
ogy MASH will show higher channel capacity.

F. Discussion on Computation Complexity

As discussed above, the new topology MASH modulator has a
great performance, but it shows higher system complexity. Here,
we will discuss the computation complexity of the three DSM
modulators. The state equation can be obtained by transforming
the Z-domain form of the non-delaying and delaying integrators
into the time-domain [30], and the state matrix of the fourth-
order SDSM structure can be expressed as:⎡
⎢⎢⎣
x1(k + 1)
x2(k + 1)
x3(k + 1)
x4(k + 1)

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣
1 −g1 0 0 b1 −a1
1 (1− g1) 0 0 (b1 + b2) −(a1 + a2)
0 1 1 −g2 b3 −a3
0 1 1 (1− g2) (b3 + b4) −(a3 + a4)

⎤
⎥⎥⎦×

⎡
⎢⎢⎢⎢⎢⎢⎣

x1(k)
x2(k)
x3(k)
x4(k)
u(k)
v(k)

⎤
⎥⎥⎥⎥⎥⎥⎦

(20)

TABLE III
REQUIRED HARDWARE RESOURCES

Eq (20) can be simply expressed as

X(k + 1) = G · T (k) (21)

where the X is the state transfer matrix at time k + 1, G is the
coefficient matrix and T is the state transfer matrix at time k.
And T can express as

T (k) = [X(k);u(k); v(k)] (22)

where, the u(k) and v(k) represent the input signal of the mod-
ulator and the output of quantizer at time k, respectively. Since
the dimensions of X, G, and T are 4 × 1, 4 × 6 and 6 × 1,
respectively. The operation of Eq (20) includes 20 = (6 - 1) ×
4 additions and 24 = 6 × 4 multiplications. In addition, the
structure also contains one adder, the total number of adders
and multipliers required in the fourth-order SDSM structure are
21= 20+ 1 and 24, respectively. And the quantization accuracy
of the SDSM quantizer is 2-bit (4-level), and the quantizer
utilizes dichotomy convert analog signal into PAM signal. So,
the computation complexity of the quantizer is log2(4). For the
sturdy MASH, each state is a second-order SDSM. In each stage,
the dimensions of X, G, and T are 2 × 1, 2 × 4 and 4 × 1,
respectively. The number of adders and multipliers of both two
stages are 6 = (4 - 1) × 2 and 8 = 4 × 2, respectively. The
structure also contains 4 adders, the total number of adders and
multipliers required in the sturdy MASH structure are 16 = 6 ×
2 + 4 and 16 = 8 × 2, respectively. The quantization accuracy
of the quantizer Q1 is 3-level, its computation complexity is
log2(3), and the computation complexity of quantizer Q2 is
log2(2). Since the new topology MASH contains 3 second-order
state matrices, 5 adders and 2 different quantizers. The number of
adders and multipliers of second-order state matrix are discussed
above. So, the total number of adders and multipliers required in
the new topology MASH structure are 23 = 6 × 3 + 5 and 24 =
8 × 3, respectively. To make a clear comparison, the number
of adders and multipliers of the three structures are listed in
Table III. The sturdy MASH structure has the lowest complexity.
Compared with the SDSM structure, the number of adders of
the new topology MASH is increased, and the computation
complexity of quantizer is slightly increased. In conclusion, the
computation complexity of the new topology MASH structure
is slightly higher than that of SDSM structure.
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Fig. 6. Experimental setup. Electrical spectra of (a) transmitted SDSM-based PAM4 signal, (b) transmitted MASH-based PAM4 signal, (c) transmitted OFDM,
(d) recovered OFDM, (e) recovered SDSM-based PAM4 signal, (f) recovered MASH-based PAM4 signal.

III. EXPERIMENTAL SETUP

The experimental setup and offline digital signal processing
(DSP) are shown in Fig. 6. OFDM signal is modulated into
two bits digital signals using the SDSM or the new topology
MASH modulator, and then transmitted over 20-Gbaud PAM4
IM/DD system to verify the DSM based on digital MFH. In
BBU, a 1.125 GHz OFDM signal is generated in MATLAB
with sampling rate of 2.5 GSa/s, and Hermite conjugation in
frequency domain is employed to obtain real value signal, and
its electrical spectrum is shown in Fig. 6(c). Here, the size of
inverse fast Fourier transform (IFFT)/FFT is 256, and the orders
of modulation format are set to 512-QAM and 1024-QAM. Then
the OFDM signal is fed into the fourth-order SDSM and the
new topology MASH, respectively. In the DSM modulator, the
OFDM signal is over-sampled to 20GSa/s with an OSR of 8, and
quantized to 20-Gbaud PAM4 signal, and the electrical spectra
of SDSM-based PAM4 and MASH-based PAM4 signals are
shown in Figs. 6(a) and 6(b), respectively. The PAM4 signal is
uploaded into an 80-GSa/s sampling rate Fujitsu DAC and then
transmitted in the IM/DD system. A 30 GHz electrical amplifier
(EA) with 20dB gain is used to boost signal, and a bias-tee
is applied for DC coupling E/O modulation. E/O modulation
is achieved by an Opnext electro-absorption modulated laser
(EML) operated at 1550 nm. After 5/20-km single mode fiber
(SMF) transmission, a variable optical attenuator (VOA) is
cascaded for ROP adjusting, and a 40 GHz photodiode (PD) is
used for optical-to-electrical (O/E) conversion. The converted
signal is captured by an 80-GSa/s Lecroy Oscilloscope and
off-line demodulation is processed in MATLAB. In RRH, after
retiming and synchronization, a 35-tap feed forward equalizer

(FFE) combined with a 5-tap decision feedback equalizer (DFE)
is adopted to recover the received PAM4 signal. Figs. 6(e) and
6(f) show the recovered electronic spectrums of SDSM-based
PAM4 and MASH-based PAM4, respectively. Compared with
SDSM-based PAM4, MASH-based PAM4 has more quantiza-
tion noise outside the analog signal band. After an LPF and
down-sampling procedure, the OFDM signal is retrieved and
the retrieved electronic spectrum is shown in Fig. 6(d). Then,
the retrieved OFDM signal is converted to constellation symbol
in frequency domain, and the constellation symbol is de-mapped
to bit stream. Finally, the EVM is calculated, and it is defined
as the ratio of power of the difference between the retrieved
symbols and ideal symbols and the power of the ideal symbols.

EVM =
1
N

∑N
n=1 |Sn − S0,n|2

1
N

∑N
n=1 |S0,n|2

(23)

where Sn is the nth measure constellation symbol, S0,n is the
ideal constellation symbol of the nth measure symbol and N is
the length of the stream of symbol.

IV. EXPERIMENTAL RESULTS

In this experiment, both the 1.125 GHz OFDM signal mod-
ulated by the fourth-order SDSM and new topology MASH
are demonstrated. The performance of the SDSM-based PAM4
signal and MASH-based PAM4 signal are experimentally dis-
cussed, and shown in Fig. 7. The eye diagram of MASH-based
PAM4 signal shown in Fig. 7 as inset (i) has more ±1 symbols
than SDSM-based PAM4 signal shown in inset (ii). So, the
average power of MASH-based PAM4 signal is less than that of
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Fig. 7. Measured BER versus ROP of SDSM-based PAM4 signal and MASH-
based PAM4 signal.

Fig. 8. Experimental results of 512-QAM system, modulated by the SDSM
and MASH, respectively. (a) EVM versus received optical power (ROP). (b)
The constellation of fourth-order SDSM at −5 dBm. (c) The constellation of the
new topology MASH at −5 dBm.

the SDSM-based PAM4 signal, which means the received PAM4
signal generated by MASH modulator will show better noise
tolerance at the same received optical power (ROP). Clearly, the
MASH-based PAM4 signal performs better performance, and
the performance improvement is 0.6dB. Fig. 8 illustrates the
EVM performance versus ROP of received OFDM signal with
512-QAM modulation format. Since the received OFDM signal

Fig. 9. Experimental results of 1024-QAM system, modulated by the SDSM
and MASH, respectively. (a) EVM versus ROP. (b) The constellation of fourth-
order SDSM at −5 dBm. (c) The constellation of the new topology MASH at
−5 dBm.

modulated by DSM contains slight quantization noise, the EVM
seems to converge at a certain fixed error floor value in BTB
transmission system at higher ROP. In 20-km SMF transmission
system, the power fading induced by fiber chromatic disper-
sion causes serious penalty, which leads to the performance of
MASH-based PAM4 signal to reduce by 2.4dB at an EVM of 3%,
as shown in Fig. 8(a). To verify the noise-shaping capacity of the
fourth-order SDSM and the new topology MASH modulators,
the comparison of the two modulators is discussed when the
signal is transmitted over 5/20-km SMF IM/DD systems. In
this experiment, we set the minimum EVM requirement of
signal transmission for 512-QAM to 3% with SNR of 30.5
dBm and 1024-QAM modulation formats to 1.8% with SNR
of 34 dBm, respectively [19]. In Fig. 8(a), the required ROPs of
signal modulated by the two different modulators are −8.2 dBm
and −9.4 dBm at EVM of 3% over 20-km SMF, respectively.
The new topology MASH achieves 1.2 dB receiver sensitivity
improvement. And the achievable EVM are both below the
512-QAM criterion of 3% with the fourth-order SDSM and the
new topology MASH modulators. Constellations of 512-QAM
OFDM signal modulated by the fourth-order SDSM and the new
topology MASH modulators at ROP of −5 dBm are shown in
Figs. 8(b) and 8(c), respectively. The convergence of constella-
tions becomes better when the new topology MASH is adopted
for noise shaping.

To further obtain the performance comparison between the
fourth-order SDSM and the new topology MASH modulation,
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OFDM signal with 1024-QAM is also transmitted and tested.
In Fig. 9(a), the best achievable EVM of 1.96% is obtained
at ROP of −5 dBm over 20-km SMF using the fourth-order
SDSM, which cannot support 1024-QAM. The EVM is reduced
to 1.64% by using the new topology MASH at the same ROP and
transmission distance, the EVM value can support 1024-QAM
modulation format. 1024-QAM constellations of SDSM-based
signal and MASH-based signal at ROP of −5 dBm over 20-km
SMF are shown in Figs. 9(b) and 9(c), respectively. It is obvious
that the performance of the new topology MASH is better than
the fourth-order SDSM in digital MFH.

V. CONCLUSION

In this paper, we experimentally demonstrated a novel topol-
ogy MASH modulator with an excellent noise-shaping capa-
bility to replace the conventional fourth-order SDSM in digital
MFH. 1.125 GHz OFMD signal is modulated to two bits by the
fourth-order SDSM or the new topology MASH modulator and
transmitted over a 20-Gbaud PAM4 IM/DD link. In the case of
1024-QAM PAM4 system, the EVM floors of the new topology
MASH and the conventional fourth-order SDSM schemes are
1.64% and 1.96% over 20-km SMF transmission, and 1.2 dB
receiver sensitivity improvement can be achieved. The OFDM
signal modulated by the fourth-order SDSM can only support
512-QAM modulation format, while the 1024-QAM modulation
format can be achieved by the new topology MASH structure.
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