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Abstract: A delta-sigma-modulated intermediate-frequency-over-fiber (IFoF) transmission
system assisted by a correlative-level coding technique is proposed and experimentally
demonstrated. Unlike conventional delta-sigma IFoF systems with multiple output levels to
achieve higher signal quality or larger capacity, a correlative-level encoder is exploited as a
second modulator preceded by the delta-sigma modulator. The encoder compresses the
bandwidth of the delta-sigma modulated signal by creating a correlation between adjacent
signal symbols. As a result, the sampling frequency of the delta-sigma modulator in the
proposed system can be increased beyond the transmission bandwidth of the IFoF system,
considerably improving the in-band signal quality and the transmission capacity over the
conventional multi-level approach. This is because the quantization noise from the delta-
sigma modulation in the proposed scheme is more aggressively pushed away from the signal
bandwidth with the high sampling frequency. According to experimental results, the proposed
link provides at least a 40% larger transmission capacity for similar in-band signal quality or
2.1% better average EVM performance for the same capacity than the conventional four-level
pulse-amplitude-modulation delta-sigma IFoF systems.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Analog radio-over-fiber systems have numerous advantages: low attenuation, simple
architecture, modulation format transparency, and future proof. However, the performance of
the systems is considerably affected by non-linearity and spectral impurity, which therefore
limits their widespread use [1-5].

Recently, delta-sigma-digitized intermediate-frequency-over-fiber (IFoF) systems, as
shown in Fig. 1, have been proposed and have attracted much attention as analog-signal
transmission systems [5—12]. This is because robust digital transmission as a means of
transporting analog signals is possible by converting the analog signals into digital pulse
trains with delta-sigma modulation, while most of the advantages of the analog-based
transmission are still provided. According to recent studies, to further harness the delta-sigma
IFoF systems, multi-level approaches have been investigated to achieve larger capacity or
better signal quality [8,9,12]. This is because the amount of quantization noise is inversely
proportional to the number of quantization levels.

However, for the multi-level delta-sigma-digitized pulse train to be directly transported
over an optical link, the number of quantization levels must be determined by considering the
optical transmission signaling format, such as four-level pulse-amplitude modulation (PAM-
4), and therefore is practically limited. Due to this practical limitation, the benefits gained by
the multi-level approach are not significant. In addition, the sampling frequency of a delta-
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sigma modulator for optical transmission, especially the mobile fronthaul, is extremely high,
10 GHz or above [8,9]. At such very high-frequency ranges, multi-amplitude-level non-
linearity is not adequately compensated for due to the difficulty of implementing the
compensation circuit, thereby significantly deteriorating the quality of the delta-sigma
modulated signal.

In this paper, we propose a different approach to achieve the same goals. Rather than
using a multi-level quantizer for the delta-sigma modulation, we exploit a correlative-level
encoder as a post-modulation stage. The purpose of the additional block is to reduce the
bandwidth of the delta-sigma-digitized pulse train. As a result, the sampling frequency of the
delta-sigma modulator can be increased up to a frequency where the overall bandwidth of the
two cascaded blocks of the delta-sigma modulator and the correlative encoder lies within the
transmission bandwidth, and then the correlatively-coded delta-sigma pulse trains can be
transmitted over the transmission link. With the proposed scheme, the capacity of the
proposed IFoF system with a given transmission bandwidth is significantly enhanced because
the quantization noise generated by the delta-sigma modulation is more dramatically shaped
with the higher sampling frequency than in the multi-level approach. To verify the
effectiveness of the proposed delta-sigma IFoF system, we conducted simulation and
transmission experiments with two more conventional multi-level delta-sigma IFoF systems.

The remainder of this paper is organized as follows. Section 2 introduces the structure and
the problems of the conventional delta-sigma IFoF system. Section 3 presents the proposed
correlatively-coded delta-sigma IFoF system and explains the basic operation principle of the
scheme. In Section 4, the experimental setup and evaluation results of the proposed and the
conventional IFoF transmission systems are provided and discussed. Finally, the conclusions
are described in Section 5.
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Fig. 1. Delta-sigma IFoF transmission system.
2. Conventional delta-sigma-IFoF systems

This section introduces the conventional delta-sigma modulations for IFoF systems and
describes the limitation and problem of the conventional approach.

2.1 Conventional multi-level delta-sigma modulation

The operation principle of a conventional two-level delta-sigma modulation and its output
power spectral density (PSD) are illustrated in Fig. 2. Because the maximum sampling
frequency of the two-level delta-sigma modulator shown in the upper path in Fig. 2 is limited
by the transmission rate of the system, to further improve the in-band signal quality or the
capacity, a multi-level quantizer can be adopted. This is because the quantization noise power
is

qz;ml,RMS = Az /12’ (1)
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where A is the least significant bit (LSB), and as the number of quantization levels increases,
the quantization noise power decreases in proportion to the square of the number of levels.
Therefore, most recent studies have exploited the multi-level approach [8,9,12].
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Fig. 2. Conventional delta-sigma modulations with two and multi-levels and an example of
their output PSD.

2.2 Limitation and problem of the multi-level approach in IFoF transmission

However, because the output pulse train of the delta-sigma modulator is directly transported
over the conventional IFoF link, the number of quantization levels cannot continue to increase
and is limited at some level. Owing to the fact that PAM-4 is more prevalent in high-speed
optical transmission as a compromise among complexity, transmission bandwidth, and
receiver sensitivity, the maximum number of levels for the multi-level delta-sigma IFoF is
practically limited to four [8,9,12,13]. Because of this practical limitation, the benefits gained
by the multi-level approach are not significant. For example, according to Eq. (1), the amount
of quantization noise reduction is only 6 dB when the number of output levels increases from
two to four.

Moreover, the sampling frequency of a delta-sigma modulator for optical transmission is
usually in the order of GHz or even above 10 GHz for mobile fronthaul applications [8,9],
and the multi-level approach with such high sampling frequencies invites several critical
problems. One of the issues is the non-linearity of the multi-level quantizer for delta-sigma
modulation [14]. Due to the chip foundry process and environmental changes such as
temperature fluctuation, the characteristics of both active and passive circuit components vary
typically up to + 20%. That means that the individual amplitude level of feedback DACs in
the delta-sigma modulator varies and considerably affects the modulator performance. Figure
3 depicts the simulated signal-to-quantization-noise-ratio (SQNR) of a 4th-order 4-level delta-
sigma modulator over variations in the two mid-levels. NTF out-of-band gain of 1.8 and OSR
of 12 were used in the evaluation. According to the simulation results, the amount of SQNR
degradation is approximately 18 dB, and the maximum SNQR is limited to around 38 dB with
the given worst-case non-linearity. The output PSDs for the best and worst cases are depicted
in the right-most plot in Fig. 3. Although, in conventional multi-level delta-sigma ADC and
DAC applications, dynamic element matching (DEM) logic circuits are used to compensate
for the level non-linearity [14], it is hard to apply the technique to delta-sigma IFoF systems
because the DEM logic introduces substantial feedback delay at very high-speed sampling
frequencies due to its high complexity, which in turn makes the modulator unstable. This is
the reason most ultra-high-speed delta-sigma modulators adopt a two-level quantizer [15-17].
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Fig. 3. Simulated SQNRs and PSDs over amplitude mismatch in two mid-levels of a four-level
quantizer in a delta-sigma modulator.

3. Proposed correlatively-coded delta-sigma-IFoF system

To mitigate the issues of the conventional delta-sigma IFoF system, we propose a correlative-
code-assisted delta-sigma IFoF system. The correlative coding scheme is briefly described
first in Section 3.1, and then the proposed architecture is given in Section 3.2.

3.1 Correlative coding

In correlative coding, also known as partial response signaling, a controlled amount of inter-
symbol interference (ISI) with the previous K symbols from the present symbol in an input
signal is introduced and used to increase the spectral efficiency by creating a correlation
between the adjacent signal symbols. The best well-known example of this code is duo-binary
signaling [18-20]. The encoder can be implemented with delay-and-add filters as illustrated
in Fig. 4, and the output signal is described as

K
yn = xn +xn71 + xn72 ' ”+xn71( = 25:0 xan 2 (2)

where x, and y, are the nth input and output symbols of the encoder, respectively. In the
encoding process, the nth output symbol y, is generated by correlating the current nth input

symbol x, and the K previous symbols, which is the reason this encoding is called

correlative coding. The correlative encoder can also be implemented in an analog manner
with a linear-phase low-pass filter illustrated in Fig. 4(b) [18,19]. The lower the cut-off
frequency of the low-pass filter is, the larger ISI occurs. With this characteristic, the amount
of ISI can be controlled by adjusting the bandwidth of the filter.
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Fig. 4. Correlative encoder implementations: (a) a delay-and-add filter and (b) an analog low-
pass filter.

As K increases or the cut-off frequency of the analog low-pass filter decreases, the
encoded output pulse waveforms vary more slowly in time because the encoding operation is
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similar to a moving average function. Consequently, the encoder compresses the bandwidth
of the input binary signal at the cost of the increased number of output levels.

3.2 Proposed correlatively-coded delta-sigma IFoF system

The architecture and basic operation principle of the proposed correlatively-coded delta-
sigma IFoF system are illustrated in Fig. 5. With the proposed two-step coding process
comprised of the delta-sigma modulation at a higher sampling rate than the transmission
bandwidth, ., and the correlative-level encoder that compresses the bandwidth of the delta-

sigma digitized signal to the transmission bandwidth of the IFoF system, the proposed scheme
shows improved signal quality or higher transmission capacity than the conventional multi-
level approach because the quantization noise is more aggressively shaped and moved away
from the in-band due to the higher sampling frequency than in the conventional scheme. This
is also easily evaluated by the following well-known equation denoting the in-band

quantization noise power with an L™-order NTF of (1 -z )L :

qz _ ﬂ'uqzm,RMS — . qiml’RMS )
in—band ,RMS (2[,-|-1)OSRZL+l (2L+1)(M)2LH
BVVinfband

where OSR is an oversampling ratio defined as f,, / (2BW, ,...), fos, 1S the sampling
frequency for delta-sigma modulation, BW,_,,, is the in-band signal bandwidth and g,),,; zys

is the total quantization noise power defined in Eq. (1). According to Egs. (1) and (2), the in-
band quantization noise power g. ;. zs is proportional to the square of LSB, A”, and the

LSB is determined by the number of output levels. Therefore, as the number of output levels
increases by two times, the in-band quantization noise power g ... s i attenuated by a

2 . . . . . .
factor of 2°. However, in Eq. (2), as OSR is doubled with a two-times-higher f,, , the in-
band quantization noise POWer, g, ... s » decreases by a factor of 2", which is

undoubtedly a considerable improvement over the factor of 2> by the conventional scheme.

Besides, since the proposed scheme uses a two-level quantizer and feedback DACs rather
than multi-level circuits, they are intrinsically linear and no amplitude-level-mismatch issue
exists, thereby providing stable operation against external influences.

Moreover, compared to a correlative-code-only transmission system, another benefit
arises from using the proposed two-step modulation. As shown in Fig. 5, because the original
signals are recovered by the filter, a precoder that avoids the error propagation essentially
required in conventional correlatively-encoded signaling schemes such as duobinary [20] is
not needed in the proposed system. Consequently, if an error exists during the signal
reception, it affects only the instantaneous amplitude level during the present symbol time
period because it does not propagate from bit to bit.
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Fig. 5. Block diagram of a proposed correlatively-coded delta-sigma IFoF system and an
example of PSDs of signals in the conventional scheme (Fig. 2) and the proposed scheme.

Figure 6 shows the simulated spectra of the conventional 4-level delta-sigma digitized
signal and the proposed correlatively-coded delta-sigma modulated signal with K of 1 with
the 3-level output (duo-binary). The frequency in the x-axis is normalized to the transmission
rate of IFoF systems defined here as R Cascade of integrator with distributed feedback

trans *
(CIFB) and cascade of resonator with distributed feedback (CRFB) structures with 4th-order
NTFs are used without and with the zero optimization technique in the simulation. Regardless
of the NTF zero optimization technique, the proposed scheme shows better performance. As
clearly seen in Fig. 6, the quantization noise in the proposed system is pushed further away
from the in-band, and most of the quantization noise is located at a higher frequency range, as
expected. As a result, even though the total amount of quantization noise in the proposed
system with 3-level output is larger than that of the 4-level conventional scheme, better in-
band signal quality and higher capacity are obtained.

PSDs without NTF zero optimization PSDs with NTF zero optimization

ot(a) Input Conventional 4-Jevel Input —— Conventional 4-level
sinusoidal — Proposal with K=1 sinusoidal —— Proposal with K=1
signal signal
o o
= k=)
3 -50 [
g | 2
a a
e el
& I
© { ©
E 100 Quantization noise pushed g
5 - AT 5 -
S into higher frequency {2
-150 . 150 |
0.001 0.01 0.1 1 0.001 0.01 0.1 1
Normalized frequency to R, [l0g] Normalized frequency to R;,qns [log]

Fig. 6. Simulated PSDs of the conventional 4-level and proposed correlatively-coded delta-
sigma-modulated signals (a) without and (b) with NTF zero optimization technique.

To evaluate the extent of the improvement of signal quality and capacity by the proposed
scheme, the SQNRs of the conventional 4-level delta-sigma-modulated signal and the
proposed correlatively-coded delta-sigma-digitized signals with two different K values of 1
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and 2, were simulated for various BW, , . values normalized to R

trans 2

7(a)-7(c). Fourth—order delta-sigma modulators with different OSRs according to BW, , .
were synthesized with the NTF out-of-band gain of 1.8, and their SQNR performance was
evaluated over input signal magnitude in dBFS (dB relative to Full Scale) for the simulation.
For a more practical evaluation, we applied the NTF zero optimization technique for all the
cases. A sinusoidal wave at a frequency of one-eighth of BW, , , was used as an input

as shown in Figs.

signal to take into account higher-order harmonics.
In the conventional 4-level delta-sigma case in Fig. 7(a), the peak SQNR for a BW, _, .

of 0.083R,,,.. (fosu paris = Ryans»OSR ~ 6) is 35.1 dB. For a similar SQNR performance, the
proposed SChemes prOVide a BVV;nfband up to 0'125Rtrans (fDSM,K:I =2xR OSR ~ 8) and

trans >
0.167R, .. ( fosux— = 3XR OSR ~9) for K of 1 and 2, respectively. That means,

compared with the conventional scheme, the capacity of the proposed system increases by
approximately 50% with K =1 and 100% for K =2, which is a significant improvement.
For the same BW, higher signal quality can be achieved with the proposed system.

in—band >
Witha BW, , . of 0.031R the maximum SQNR of the conventional 4-level system was

trans >
70.0 dB, and with the proposed system, it was 81.8 dB (11.8 dB higher) and 99.1 dB (29.1 dB
higher) for K of 1 and 2, respectively. For a BW, , ., of 0.083R the peak SQNR of the

conventional approach was 35.1 dB, while the proposed systems provided 47.3 dB (12.2 dB
higher) and 60.3 dB (25.2 dB higher) respectively for K of 1 and 2.

Moreover, to find out the impact of the number of order of a delta-sigma modulator, the
SQNR performance of the three systems were simulated with 2nd to Sth-order delta-sigma
modulators for BW, , . = 0.083R as shown in Figs. 7(d)-7(f). Interestingly, it is

trans

trans

trans >

observed that, the SQNR improvement with a higher order in the conventional 4-level delta-
sigma modulator in Fig. 7(d) is apparently small compared to the proposed schemes in Figs.
7(e)-7(f). It is inferred that the negligibly small SQNR improvements are due to the delta-
sigma modulator operating less ideally with the much lower OSR of 6. In contrast, the SQNR
improvements from 2nd to 5th order in the proposed scheme are approximately 10.9 dB (38.1
dB t0 49.0 dB) and 17.3 dB (47.3 dB to 64.6 dB) for K of 1 and 2, respectively.

Overall, in terms of capacity and signal quality, the proposed scheme achieved better
performance than the conventional multi-level architecture. However, the proposed system
also has disadvantages against the conventional scheme. In Figs. 7(b)-7(c) and 7(e)-7(f), the
input magnitudes at peak SQNRs of the proposed scheme were smaller than those of the
conventional counterpart. Therefore, a higher gain is necessary to compensate for the lower
power of the analog signals in the received modulated pulse waveform at RU. However, the
required additional gain for a similar SNQR value is not that large and just less than 6 dB
from the simulation results with K up to 2. The received signal power reduction is easily
compensated for with an additional gain amplifier with enough gain margin. Another possible
drawback of the proposed IFoF system is the requirement of the high sampling-rate delta-
sigma modulator. However, with currently available high-speed chip manufacturing
processes, the sampling frequency of the delta-sigma modulator can increase up to 50 GHz
[15], which is high enough for recent high-speed optical transmission systems. The pros and
cons of the proposed and the conventional IFoF systems are summarized in Table 1.
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Fig. 7. Simulated SQNRs for various BW

in—band
level delta-sigma-modulated signal and the proposed correlatively-coded delta-sigma-digitized
signals with (b) K =1 and (¢) K =2, and simulated SQNRs over the delta-sigma modulator
orders from 2nd to 5th: (d) the conventional 4-level and the proposed delta-sigma-digitized
signals with (¢) K =1 and (f) K =2

with respect to R : (a) the conventional 4-

trans

Table 1. Pros and cons of the conventional and proposed delta-sigma IFoF systems

Conventional multi-level delta-sigma IFoF
Proposed correlatively-coded delta-sigma IFoF

* No additional modulation block required « Better in-band signal quality

Pros « Higher signal power with higher coding « Lareer capacit
efficiency g pacity
* Poorer in-band signal quality « Lower signal power
Cons * Smaller capacity * Higher-speed delta-sigma modulator circuit
* Higher amplitude-level non-linearity required

4. Experimental setup and results

The proposed correlative-code-assisted delta-sigma IFoF system is experimentally evaluated
with multiple LTE signals with a modulation format of 64 quadrature amplitude modulation
(QAM). For comparison, two PAM-4-based delta-sigma-digitized IFoF systems were also
implemented and demonstrated with the same optical link.

4.1 Experimental setup

The experimental setup for an evaluation of the three delta-sigma-IFoF systems is depicted in
Fig. 8. Multiple LTE 10 MHz IF signals with 64 QAM were generated in the LTE signal
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generator. Due to the lack of a high-speed signal generator and analyzer, the sampling
frequencies of the delta-sigma modulator for the proposed and the conventional PAM-4 IFoF
schemes have been selected as 2 GHz for K=1 (fyg, x4 =2%R,,,) and 1 GHz

=1 GHz. It is noted
that R =1 GHz is not the 3-dB bandwidth of the transmission system in the experimental

trans

(fosur.pars = Riyans) » TESPEcCtively, for transmission bandwidth of R

trans

setup. The 3-dB bandwidth of the system is mainly determined by a Sth-order low-pass
Bessel filter with a 3-dB cut-off frequency of 800 MHz. The filter operates as an analog
correlative encoder for the proposed scheme and a transmit channel filter for conventional
PAM-4 systems.

For signal digitation, fourth-order low-pass delta-sigma modulators were designed by a
signal processing software to convert the multi LTE 10 MHz IF signals into two- or four-level
delta-sigma-modulated signals. The LTE signals applied to the delta-sigma modulators were
centered at 5 MHz and 95 MHz for the first and last channels, respectively, and the total
signal bandwidth was 100 MHz (total 10 LTE channels).

Because it was expected that the error-vector-magnitude (EVM) performance of the
PAM-4 delta-sigma-IFoF system with 10 LTE channels would be poorer than that of the
proposed IFoF system due to low OSR values, another four-level delta-sigma-IFoF link for
seven LTE channels (lower signal bandwidth and then higher OSR, which results in better
signal quality) was developed, shown in the bottom path in the transmitter side in Fig. 8.

The delta-sigma-digitized output bits from the three paths were then delivered to the pulse
pattern generators (PPGs) (Agilent E4862B), PPG #1 to #3. All PPGs were controlled to
provide the same amplitude level of 1 Vpp (peak-to-peak voltage) at their output. For the
proposed IFoF in the top path, the two-level output pulse of PPG #1 is applied to the Sth-
order Bessel duo-binary filter with a bandwidth of 800 MHz to generate a three-level
correlative pulse train from the 2-level input pulse train by reducing the signal bandwidth.
The three-level correlative-coded delta-sigma-digitized multi-IF LTE signal was then
transmitted over the 10 km fiber by an SFP optical transmitter with a C-band distributed
feedback laser supporting up to 3.1 Gbps transmission, and detected by the PIN PD with TIA
at the receiver side. The other two PAM-4 delta-sigma-IFoF signals are applied to the multi-
level optical transmitter through the channel filters (the same filter used in the proposed link,
the Sth-order 800 MHz-bandwidth Bessel filter) to ensure all the signals in the three different
paths in Fig. 8 experience the same frequency response for proper comparison.

The signals were received at the PD and captured by an oscilloscope (Keysight DSO-S
204A) with a capture bandwidth of 2 GHz for the bit error rate (BER) evaluation and the
operations of the clock-and-data recovery (CDR). The captured waveforms were then
reconstructed as digital pulse trains by another PPG (Agilent E4862B), PPG #4. For the
proposed and conventional PAM-4 delta-sigma-IFoF links, the received signals were
quantized respectively into three and four levels. With the CDR and the DAC (PPG #4), most
of distortions and noise present in the received digital signals at the O/E converter could be
removed out. As a result, clear rectangular pulse waveforms were obtained at the PPG #4
output. This operation, named here as pulse recovery, is essential because the bit streams
from the delta-sigma modulators at transmitter side were generated based on an ideal
rectangular pulse shape (more strictly, the pulse shape of the feedback DACs in the delta-
sigma modulators), and any discrepancies between the received pulse waveform and the ideal
rectangular waveform decreased the SNR. However, because the impacts of non-ideal pulse
shapes and jitter by PPG#4 on the in-band signal quality cannot be compensated, they were
taken account of in the present evaluation.

The reconstructed multi-level signals were finally sampled by DSO (Keysight DSO-S
204A) to be analyzed in the multi-IF LTE signal analyzer. In this analysis stage, further
quantization operation making the received pulse waveforms more ideal was not conducted,
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and the non-idealities by the PPGs are taken into account. The important parameters for the
experimental setup are summarized in Table 2.
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Fig. 8. Experimental setup for the conventional multi-level delta-sigma-IFoF and proposed
correlatively-coded IFoF systems.

Table 2. Important parameters of the two different conventional delta-sigma IFoF
systems with PAM-4 and the proposed correlatively-coded IFoF system in the
experimental setup

NTF - Num. Num. levels
Architecture NTF (Z-domain) orde  levels -~ (Trans;nission) -
r  (DSM)
Convention (22 —-1.953z + 1) (z: -1.703z + 1) 1
al PAM-4 2 2 4 4 4 1 GHz
—1.054z +02949) (' —1.2462 + 0.5863
10 Channels (Z z )(Z z ) GHz
Convention (19762 +1)(z" -1.852+1) 1
alPAM-47 (29532 4.0.4059) (= — 14832+ 0.6809) 4 4 GHz 4 1 GHz
Channels
Proposed (7 -1.988z+1) (2" —1.924z+1) ) 3
Duo-binary " 1284z +04249) (2 —1.515z +0.695 4 2 - 1 GHz
10 Channels (Z e )(z wEr s ) GHz (duo-binary)

4.2 Experimental results and discussions

The measured BER curves of the three IFoF systems versus the received optical power are
depicted in Fig. 9(a). Because the duo-binary—encoded delta-sigma-IFoF has three levels
while the PAM-4 delta-sigma-IFoF links have four levels, the proposed IFoF scheme had
better vertical eye-opening, leading to higher optical power margin. According to [12], the
duo-binary signaling scheme has a 2.8 dB better optical power margin over PAM-4. It is well
matched with the measured power margin of higher than 2 dB.

The measured eye diagrams at various received power levels are also shown in Figs. 9(b)
to 9(j) for the duo-binary delta-sigma-IFoF link with 10 LTE channels and the two PAM-4
delta-sigma-IFoF systems with 10 and 7 LTE signals.
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Fig. 9. Measured BER and eye diagrams: (a) BER, and eye diagrams of the conventional
PAM-4 10-channel IFoF at (b) P =-27 dBm, (¢) P, =-25dBmand (d) P, =-23 dBm,

and eye diagrams of the conventional PAM-4 7-channel IFoF at (¢) P, =-27 dBm, (f) P =
—25 dBmand (g) P, =-23 dBm, and eye diagrams of the proposed 10-channel IFoF with K
=1lat(h) P, =-29dBm, (i) P, =-27dBmand (j) P, =-25dBm.

To elucidate the spectral behaviors of the proposed correlative-code-assisted delta-sigma-
IFoF and the conventional PAM-4 delta-sigma-IFoF systems, the measured received signal
spectra of the PD and CDR (PPG #4) outputs are depicted in Figs. 10(a) to 10(f). Because
Jfosy 10 the proposed delta-sigma-IFoF system was 2 GHz, the replica of the LTE signals was

observed at 2 GHz, as depicted in Fig. 10(f); whereas, in the two PAM-4 delta-sigma-IFoF
systems, the 1st replicas of the LTE signals were at 1 GHz, clearly seen in Figs. 10(d) and
10(e). In Figs. 10(c) and 10(f), the spectral shapes of the two signals are quite different. This
is because the hybrid CDR output signal is reconstructed in the form of a 3-level rectangular
pulse by the pulse recovery, described in the experimental setup in Section 4.1, while the duo-
binary-encoded signal is generated by the analog version of the correlative encoding with the
Bessel filter at the transmitter side. As clearly seen in Fig. 10, with the pulse recovery
operation, most of the distortions and noise from the optical link were attenuated out, and thus
the reconstructed signals had higher SNRs than those at PD outputs. In the proposed IFoF in
Figs. 10(c) and 10(f), the observed pulse recovery gain was approximately 15 dB (from 17 dB
to 32 dB). This advantage can be used repeatedly along a transmission system with
amplitude-level quantizers. Thanks to the digital signaling scheme.

Conv. PAM-4, 10-channels Conv. PAM-4, 7-channels Proposed10-channels, K=1
Im ddiv Im ddiv [w dB/div
(a) (b) ©

Powerspectral density [dB/Hz]
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Fig. 10. Measured received signal spectra at the PD of the (a) PAM-4, 10-Ch, (b) PAM-4, 7-
Ch, and (c) proposed 10-Ch K = 1, and the measured signal spectra at the CDR of (d) PAM-4,
10-Ch, (e) PAM-4, 7-Ch, and (f) proposed 10-Ch K =1 IFoF systems.
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To evaluate the BER tolerance of the three delta-sigma IFoF systems, the EVM
performance over various BER values with different received optic power levels were
measured, and are depicted in Figs. 11(a)-11(c). Due to the limited memory size of the PPG
and the DSO used in the experimental setup, the capture time period for the analysis is also
limited, and as a result, the minimum BER to be measurable was ~ 1x107. Therefore, the
error-free transmissions were observed at the received optical powers of —22 dBm and —24
dBm for the two conventional and proposed IFoF systems, respectively. Again, this additional
power margin for the same BER performance was originated from the fact that the proposed
scheme has the lower number of signal levels than the conventional counterpart, as illustrated
in Fig. 9(a). According to the experimental results in Fig. 11, the BER threshold values for
3GPP LTE 64 QAM requirement of EVM 8% were approximate to 3.9x107*, 3.4x10~ and

1.5x107, respectively, for the PAM-4 10-channel, PAM-4 7-channel and proposed duo-
binary 10-channel IFoF systems.
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Fig. 11. Measured EVM values of the (a) PAM-4, 10-Ch, (b) PAM-4, 7-Ch, and (c) proposed
10-Ch K =1 IFoF systems.

The measured best-case EVM values over IF channels of the three IFoF systems are also
shown in Fig. 12(a). In the proposed delta-sigma-IFoF system, the measured best-case EVMs
were all less than 3% except the first channel, 3.7%. However, the 10-channel PAM-4 delta-
sigma-IFoF showed the best-case EVM values up to 6.5% with a small margin of 1.5% for
the 3GPP LTE 64-QAM requirement. For the 7-channel PAM-4 delta-sigma-IFoF, the
amount of the in-band quantization noise was lower than that of the 10-channel system, as
designed, and its measured best-case EVM performance was similar to that of the proposed
duobinary IFoF. The measured maximum best-case EVM in 7-channel PAM-4 IFoF was
4.2% at IF carrier index #5.

From the measurement results, the capacity of the proposed correlatively-encoded delta-
sigma-IFoF system with 10 LTE channels was approximately 40% higher than that of the
PAM-4 7-channel delta-sigma-IFoF with 7 LTE channels for the same signal quality. This
increase in capacity was obtained even at 2 dB lower received optical power. For the
evaluation of the signal quality improvement, the EVM performances of the PAM-4 IFoF and
the proposed IFoF links were compared. Average EVM improvement between the two
systems was ~2.1%, whereas the maximum EVM enhancement of 3.8% (6.5% for PAM-4,
2.7% for proposed duo-binary) was observed at IF carrier index #7. The measured LTE 64-
QAM constellations of the three systems at the best-case transmissions are also illustrated in
Fig. 12(b).
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Fig. 12. Measured best-case signal performance: (a) EVM values of the two PAM-4 systems
with 7-Ch and 10-Ch and the proposed 10-Ch K = 1 IFoF system, and (b) the IF-carrier
constellations for the three IFoF systems

For an evaluation of the overall system performance, the measured average EVM values
with respect to received optic power levels and the relation between the average EVM and
BER of the three IFoF systems are shown in Fig. 13. As described, the additional optic power
margin of ~2 dB due to the lower number of quantization levels of the proposed scheme is
clearly observed in Fig. 13(a). At the received optic power levels of > —27 dBm, the average
EVM values of the proposed link satisfied the 3GPP LTE EVM requirement of 8%. In the
case of the two PAM-4 IFoF systems, the threshold of the receiver optic power was —25 dBm.
The minimum average EVM for the PAM-4 10-channel/7-channel IFoF and the proposed 10-
channel IFoF systems were 4.6%, 3.4%, and 2.5%, respectively.
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Fig. 13. Measured overall performance of the two PAM-4 systems with 7-Ch and 10-Ch and
the proposed 10-Ch K = 1 IFoF system: (a) measured average EVM values against receiver
optic power levels and (b) measured average EVM values over BER.
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5. Conclusion

In this paper, we proposed and verified a correlatively-coded delta-sigma IFoF transmission
system in which the sampling frequency for delta-sigma modulation can increase beyond the
transmission bandwidth. For experimental evaluation, 10 LTE 10 MHz IF signals were first
delta-sigma digitized with two levels at 2 GHz, and then correlatively coded with K =1,
which resulted in a three-level pulse train with an 800 MHz 5Sth-order Bessel low-pass filter to
be transmitted over an IFoF link with R = 1GHz. We also demonstrated two more

trans

conventional 4-level delta-sigma IFoF links with 10 and 7 IF channels at f,, = 1GHz for

PAM-4 transmission for comparative analysis in capacity and signal quality.

Compared to the conventional PAM-4 systems, the proposed method provides at least
40% larger transmission capacity for similar in-band signal quality and, at the same time,
shows 2 dB better receiver sensitivity with three output signaling levels (K =1). In terms of
signal quality with the same capacity, the proposed link shows 2.1% better average EVM
performance and a maximum EVM improvement of 3.8% (6.5% for PAM-4, 2.7% for
proposed duo-binary) at IF carrier index #7.

Based on the evaluation results, the proposed IFoF system increases the transmission
capacity, provides higher power margins or improves the in-band signal fidelity. Due to the
high spectral efficiency, the proposed scheme requires the lowest transmission capacity per
LTE signal among delta-sigma-based IFoF systems up to date. Moreover, the anticipated
improvements in capacity and signal quality in the proposed system become considerably
bigger with a higher K , which is favorable to the next-generation high-capacity mobile
signal transmission systems.
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