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Abstract: Multilevel M-ary amplitude-shift-key (M-ASK) intensity modulation formats have
been proposed and experimentally demonstrated in millimeter-wave radio-over-fiber
(mm-wave RoF) system. In order to demonstrate multilevel intensity modulation for spectrally
efficient implementation, return-to-zero (RZ) and non-RZ (NRZ) implementations for both
4-ASK and 8-ASKmodulation formats are utilized in full-duplex RoF link. Hence, for downlink,
two different signal generation schemes are utilized in this paper for optical mm-wave
generation and transport using optical heterodyning of two unlocked lasers. For uplink, similar
RF self-homodyning technique is applied at the base station (BS) to simplify the signal
translation process. Theoretical analyses and experimental results using the proposed
technique for M-ASK modulation formats confirm the system’s performance. Apart from the
bandwidth-efficient realization of the proposed schemes, demonstrated full-duplex RoF
techniques avoid most of the high-speed electrooptic and RF devices from both the central
station (CS) and BSs keeping the optical mm-wave generation, optical transport, and BSs
simpler in both directions.

Index Terms: Fiber optics systems, heterodyning, homodyning, multilevel modulation, radio
over fiber (RoF), microwave photonics.

1. Introduction
Future broadband wireless access (BWA) and backhaul systems need to support multigigabit
bandwidth-intensive applications as bandwidth demands are increasing at the consumer level. Due
to the limited available bandwidth and congested lower microwave frequencies (G 5 GHz), current
wireless networks need to operate at higher frequency regions to address future aggregate
bandwidth demands of 10 GHz or higher [1].Therefore, upper frequency windows in the millimeter-
wave (mm-wave) regions such as wireless metropolitan area networks at 10–66 GHz, wireless
personal area networks at 60 GHz, and E-bands operating at 70, 80, and 90 GHz for BWA services
are of particular interest.
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In order to exploit the congestion-free spectral domain of these frequency bands, the mm-wave
radio over fiber (RoF) is an attractive solution. In a mm-wave RoF system, a low-loss optical fiber
link is established to transmit mm-wave signals where central stations (CSs) processes the signal
generation, data modulation, upconversion etc., and the base stations (BSs) are distributed through
the common fiber network [2]. As the BSs need to transmit the mm-wave signal to the end user, the
operational coverage of BSs reduces to pico- or femtocells due to inherent high atmospheric
attenuation at mm-wave bands [3]. This translates to a larger number of BS requirements to allocate
coverage to the total geographic area. Low-cost optical mm-wave generation, photonic frequency
upconversion strategies and efficient modulation formats at the CS are therefore the main drivers
for simplified, efficient, and cost-effective distribution of signals to the remote BSs. Minimization of
high-speed components from the BS and simpler signal translation schemes play a significant role
in this regard to meet the performance-to-cost-ratio requirements.

In our recent demonstrations [4], [5], we proposed and demonstrated mm-wave RoF system
where two uncorrelated optical carriers were heterodyned without any phase/frequency locking,
and later, the transmitted data was recovered using phase-insensitive incoherent demodulation
technique, i.e., RF self-homodyning. Such technique removed any phase/frequency locking, high-
speed modulators, and LO at the generation and transport of optical mm-wave signals. Additionally,
it avoided high-speed RF devices (i.e., LO) at the BS and relaxed signal translations for both
downlink and uplink directions, respectively. Simple modulation scheme such as amplitude-shift-
key (ASK) modulation format was chosen in our previous demonstrations [4], [5], although not
spectrally efficient. Multilevel intensity modulation, such as multilevel ASK (M-ASK), can be a
potential solution in this regard to offer spectrally efficient realization using our proposed technique.
Additionally, signal generations can still be simpler, and higher data rates can be supported without
adding any complex hardware for signal processing components [6]. Moreover, additional phase
component processing of complex modulation schemes such as quadrature amplitude modulation
or differential phase-shift keying can be avoided by such proposed upgrade to M-ASK modulation.
On the whole, reducing the symbol rate through M-ASK implementations allows cheaper RF and
optoelectronic components at the transmitter and receiver while offering reduced hardware
complexity due to using incoherent detection at the receiver.

Although there are no current standards on M-ASK-based RoF systems, in this paper, we
proposed and introduced 4-ASK and 8-ASK modulation formats to double and triple the data rates,
respectively without expanding the spectral width compared with ASK scheme. Both non-return-to-
zero (NRZ) and return-to-zero (RZ) data formats were used to demonstrate the system
performances experimentally. We considered two signal generation schemes for all RZ and/or
NRZ 4-ASK and 8-ASK experiments where both of the lasers are modulated at CS (Scheme A) and
one of the lasers is modulated and optically combined with the unmodulated carrier (Scheme B)
located at CS. While our previous work in [5] detailed the theoretical descriptions of our proposed
technique for ASK-based downlink systems, we extended the analysis for the M-ASK-based
downlink and uplink systems in this paper. Apart from that, RZ demonstrations are considered for
the first time in our proposed technique for the full-duplex M-ASK implementations as RZ has better
noise immunity [7], [8].

Section 2 of the paper describes the conceptual full-duplex system configurations and theoretical
analyses of two signal generation schemes termed as Schemes A and B. Full-duplex experimental
results for each of the schemes using M-ASK modulation formats are discussed in Section 3. Both
downlink and uplink system performances are discussed in Sections 3 and 4. Finally, Section 5
summarizes the concluding remarks of this paper.

2. System Configurations and Theoretical Descriptions
Downlink configurations for optical mm-wave generation and transport using Schemes A and B are
shown in Fig. 1(a) and (b), respectively. Fig. 2(a) presents the phase-insensitive RF self-homodyning
of data at the downlink receiver common to both Schemes A and B. On the other hand, Fig. 2(b)
presents the uplink configurations in all the schemes where the RF self-homodyning is utilized again.
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The electric fields of the lasers can be written as:

E1 exp jð2�f1t þ �1Þ (1)

E2 exp jð2�f2t þ �2Þ: (2)

where E1 and E2 are the amplitudes, f1 and f2 are the optical frequencies of two lasers, and �1 and
�2 are the phases of lasers, respectively. In order to simplify, let us assume E1 ¼ E2 ¼ 1 and the
modulating M-ASK signal is sinusoidal, which can be expressed as

sðtÞ ¼ Si cos 2�fmt ; 0 � t � T (3)

where Si ¼ S½2i � ðM � 1Þ�, i ¼ 0; 1; . . . ;M � 1, and M � 4. S is a constant, M is the distinct finite-
energy signal levels, fm is the modulating frequency, and T is the symbol duration.

2.1. Downlink Using Scheme A
According to the downlink transmitter configurations of Scheme A, as shown in Fig. 1(a), both of

the optical carriers are modulated at the CS by the M-ASK data. Here, assuming that the modulator
is biased at quadrature and the signal strength Si � 1, after Taylor series expansion, we can
express the modulated optical carriers as:

A1ðtÞ ¼ exp jð2�f1t þ �1Þ 1þ Si

2
expðj2�fmtÞ þ expð�j2�fmtÞ½ �

� �
(4)

A2ðtÞ ¼ exp jð2�f2t þ �2Þ 1þ Si

2
expðj2�fmtÞ þ expð�j2�fmtÞ½ �

� �
: (5)

Fig. 2. M-ASK-based mm-wave RoF system configurations for (a) downlink and (b) uplink.

Fig. 1. Signal generation schemes for M-ASK-based mm-wave RoF downlink using (a) Scheme A and
(b) Scheme B.
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Now, the modulated carriers are transported through the single-mode fiber (SMF) before leading
to the photodetector (PD). Following steps as detailed in [5], the detected RF signal after the
heterodyning at PD can be expressed as

ipðtÞ ¼< � Af1ðtÞ þ Af2ðtÞð Þ � A�f1ðtÞ þ A�f2ðtÞ
� �h i

¼<� 2þ S2
i þ

Si

2
cos 2�fmt þ ð’1 � ’0Þf g þ Si

2
cos 2�fmt þ ð’0 � ’2Þf g

�

þ Si

2
cos 2�fmt þ ’00 � ’02

� �	 

þ Si

2
cos 2�fmt þ ’01 � ’00

� �	 

þ S2

i

4
cos 2�:2fmt þ ð’1 � ’2Þf g þ S2

i

4
cos 2�:2fmt þ ’01 � ’02

� �	 

þ cos 2�ðf1 � f2Þt þ ð�1 � �2Þ þ ’0 � ’00

� �	 

þ S2

i

4
cos 2�ðf1 � f2Þt þ ð�1 � �2Þ þ ’1 � ’01

� �	 

þ S2

i

4
cos 2�ðf1 � f2Þt þ ð�1 � �2Þ þ ’2 � ’02

� �	 

þ Si

2
cos 2� ðf1 � f2Þ � fm½ �t þ ð�1 � �2Þ þ ’0 � ’01

� �	 

þ Si

2
cos 2� ðf1 � f2Þ � fm½ �t þ ð�1 � �2Þ þ ’2 � ’00

� �	 

þ Si

2
cos 2� ðf1 � f2Þ þ fm½ �t þ ð�1 � �2Þ þ ’0 � ’02

� �	 

þ Si

2
cos 2� ðf1 � f2Þ þ fm½ �t þ ð�1 � �2Þ þ ’1 � ’00

� �	 

þ S2

i

4
cos 2� ðf1 � f2Þ þ 2fm½ �t þ ð�1 � �2Þ þ ’1 � ’02

� �	 

þS2

i

4
cos 2� ðf1 � f2Þ � 2fm½ �t þ ð�1 � �2Þ þ ’2 � ’01

� �	 
�
: (6)

Here, < is the responsivity of the PD, and A�f1ðtÞ and A�f2ðtÞ are the complex conjugates of the
optical carriers after passing through the SMF. ’0, ’1, ’2 and ’00, ’

0
1, ’

0
2 represent the phase delays

of the spectral components due to fiber chromatic dispersion as the signal passes through the SMF.
The last nine terms in (6) represent the detected mm-wave signal at ðf1 � f2Þ with its first- and

second-order sideband representations. The uncorrelated phase noise ð�1 � �2Þ can be also seen
in (6), along with the mm-wave signal due to unlocked heterodyning. DC terms and the harmonics
can be filtered out by using a suitable bandpass filter if a high-pass filter with cutoff frequency
fm 9 fc 9 ðjf1 � f2j � 2fmÞ is used. Hence, assuming < ¼ 1 and fiber chromatic dispersion negligible
(i.e., 	 0), (6) after the bandpass filtering can now be written as

ipðtÞ ¼ 1þ S2
i

2

� 
cos 2�ðf1 � f2Þt þ ð�1 � �2Þf g þ Sicos 2� ðf1 � f2 
 fm½ �t þ ð�1 � �2Þf g

�

þ S2
i

4
cos 2� ðf1 � f2Þ 
 2fm½ �t þ ð�1 � �2Þf g

�
: (7)

ðS2
i =4Þ and ðSi=2Þ terms in (7) can be generalized as S, where it can vary for the values of n

within the range of �2 to þ2. Hence, we can simplify the (7) as

S cos 2� ðf1 � f2Þ þ nfmf gt þ ð�1 � �2Þ½ �: (8)

Finally, following (12)–(14) in [5], baseband M-ASK data are recovered employing the RF self-
homodyning followed by a suitable low-pass filter (LPF) [9]–[11].
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2.2. Downlink Using Scheme B
For Scheme B, only one carrier at CS is modulated, and the unmodulated carrier is optically

combined with the modulated carrier, as shown in the inset in Fig. 1(b). Therefore, similar to (6),
detected mm-wave signal after the PD can be expressed as:

ipðtÞ ¼< � 2þ S2
i

2
þ Si

2
cos 2�fmt þ ð’1 � ’0Þf g þ Si

2
cos 2�fmt þ ð’0 � ’2Þf g

�

þ S2
i

4
cos 2�:2fmt þ ð’1 � ’2Þf g þ cos 2�ðf1 � f2Þt þ ð�1 � �2Þ þ ’0 � ’00

� �	 

þ Si

2
cos 2� ðf1 � f2Þ � fm½ �t þ ð�1 � �2Þ þ ’2 � ’00

� �	 

þSi

2
cos 2� ðf1 � f2Þ þ fm½ �t þ ð�1 � �2Þ þ ’1 � ’00

� �	 
�
: (9)

The last three terms in (9) are of interest, and applying similar steps as detailed in Section 2.1,
phase-insensitive baseband data can be obtained.

2.3. Uplink for Schemes A and B
For the uplink direction using both of Schemes A and B, generated mm-wave carrier from the LO

located at the customer unit (CU) will be mixed with the transmitted baseband M-ASK data, as
shown in Fig. 1(d). The upconverted signal can be then expressed as

CULðtÞ¼ cosð2�fLOt þ �LOÞ þ
Si

2
cosð2�fLOtþ�LO þ 2�fmtÞ þ cosð2�fLOt þ �LO � 2�fmtÞf g

� �
: (10)

Here, fLO and �LO are the mm-wave LO frequency and its phase, respectively. Now, after the
band-limited amplifications, (10) will be multiplied by its own due to RF self-homodyning at the BS.
Therefore, the signal after the RF self-homodyning can be represented as

DBS ¼CULðtÞ � CULðtÞ

¼ 1
2
þ S2

i

4
þ 1
2
cos2ð2�fLOt þ �LOÞ þ

S2
i

8
cos2 2�ðfLO þ fmÞt þ �LOf g

�

þ S2
i

8
cos2 2�ðfLO � fmÞt þ �LOf g þ Sicos2�fmt

þ S2
i

4
cos2:ð2�fmtÞ þ

S2
i

4
cos2:ð2�fLOt þ �LOÞ

þSi

2
cos 2:ð2�fLOt þ �LOÞ þ 2�fmtf g þ Si

2
cos 2:ð2�fLOt þ �LOÞ � 2�fmtf g

�
: (11)

Here, the sixth term in (11) is the recovered phase-noise free data after the RF self-homodyning
at the BS. The DC terms and the higher-order harmonics in (11) can be neglected by using a
suitable LPF. Hence, the recovered data at the BS is modulated externally by an optical carrier
transmitted over a length of SMF and is finally detected by a low-speed PD. The detected RF signal
after the PD can be written as

iUL ¼ <� 1þ S2
i

2
þ Si

2
cos 2�fmt þ ð’0 � ’2Þf g þ Si

2
cos 2�fmt þ ð’1 � ’0Þf g

�

þS2
i

4
cos 2:2�fmt þ ð’1 � ’2Þf g

�
: (12)

Similarly, let us assume < ¼ 1 and the effects of fiber chromatic dispersion is negligible (i.e., 	 0)
and remove the DC and higher order components by using a suitable LPF. Thus, the recovered
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data after the LPF is obtained and can be expressed as

iUL ¼ Si cos 2�fmt : (13)

3. Experimental Setup and Demonstrations

3.1. 4-ASK Demonstrations Using Scheme A

3.1.1. Downlink
Fig. 3 presents the setup for the experimental demonstrations of Scheme A at both downlink and

uplink directions. We used two free-running distributed feedback lasers (DFBs) operating at
1549.110 nm and 1549.396 nm, respectively. The lasers were combined using optical coupler (OC)
so that an offsetmm-wave carrier frequency of 35.75GHz ismaintained. Linewidths of the lasers were
200 kHz and 5MHz at relative intensity noise of� �145 dBc/Hz each. A Tektronix arbitrary waveform
generator (AWG) was used to generate the 5-Gb/s 4-ASK data. Both NRZ and RZ formats for the
4-ASK data were generated using the AWG for a data transmission bandwidth of 2.5 GHz.
Sampling rates for the NRZ and RZ formats were 2.5 GS/s and 5 GS/s, respectively as the RZ
formats need twice the sampling rates than the NRZ formats [12]. We used an LPF of 2.5-GHz
bandwidth after the data generation for the NRZ. Due to higher filtering bandwidth requirements for
the RZ format, an LPF of 3.8 GHz was used for the same. A Mach–Zehnder modulator (MZM) of
2.5 GHz was used to modulate the generated and filtered data onto the combined optical carriers.
The half-wave voltage of the modulator was 2.5 V. The driving RF voltage to the MZM was 1 V
peak to peak. As the NRZ format needs higher power than the RZ formats, the bias voltages
were 3.5 V and 1.8 V, respectively, for the NRZ and RZ formats. The modulated signal was then
optically amplified by an erbium-doped fiber amplifier (EDFA). An optical bandpass filter of 2-nm
bandwidth is added after the EDFA to remove the amplified spontaneous emission noise. A high-
speed 50-GHz PDwas utilized for the remote heterodyne detection of signal after transmission over a
SMF span of 25.1 km. The heterodyned signal after the PD contained the phase-noise-embedded
modulated mm-wave carrier at the offset carrier frequency of 35.75 GHz, along with its baseband
replica. For back-to-back (BTB) wireless transmission, a combination of a low-noise amplifier (LNA)
and a medium power amplifier (MPA) at 26.5–40 GHz (Ka band) was then used to provide around
þ30 dB amplification. This band-limited amplification also limits the shot noise, which is introduced
by the detection process at the PD, thereby suppressing the baseband replica [13]. The amplified
mm-wave signal was then split into two paths by anRF splitter and was led to the RF and LO ports of a
Ka-band Miteq mixer to perform RF self-homodyning. Sufficient required power at the LO port of the
mixer were maintained by amplifying the signal using an LNA. A Ka-band RF phase shifter is utilized
before the RF port of the mixer to ensure phase matching of signals in the two split paths. Suitable
LPFs of 2.5-GHz and 3.8-GHz bandwidth were used, respectively, to recover the NRZ and RZ 4-ASK
formats, which avoid the phase noise due to RF self-homodyning process, as detailed in Section 2.

Fig. 3. Full-duplex system configuration for experimental demonstration of Scheme A.

IEEE Photonics Journal Multilevel Modulation for mm-Wave RoF System

Vol. 4, No. 5, October 2012 Page 1961



3.1.2. Results and Discussion
In order to investigate Scheme-A system performances, relevant optical and RF spectra for

downlink using 4-ASK RZ format are shown in Fig. 4(a)–(d) at points a–d in Fig. 3. The 4-ASK data
modulated optical carriers after the MZM are shown in Fig. 4(a). Fig. 4(b) shows the detected
modulated mm-wave signal after the PD and its baseband replica. Although the mm-wave signal is

Fig. 4. (a)–(d) presents optical and RF spectra at points a to d of the Scheme A as shown in Fig. 3 using
4-ASK RZ data.

Fig. 5. (a)–(d): Optical and RF spectra at points a to d of the downlink Scheme A as shown in Fig. 3
using 4-ASK NRZ data.
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weak, baseband replica is suppressed after the band-limited amplifications, as shown in Fig. 4(c).
Fig. 4(d) shows the recovered 4-ASK RZ data after the RF self-homodyning and filtering. The inset
in Fig. 4(d) shows the close-up of the data spectra.

Similar optical andRF spectra for downlink using 4-ASKNRZ format are also shown in Fig. 5(a)–(d)
at respective points a–d in Fig. 3. As shown in Fig. 5(b)–(d), the harmonic generations are not that
clearer in the RF spectra of NRZ formats compared with the corresponding RZ formats. This could be
due to the fact that the average signal power requirement of NRZ is twice as large as RZ formats.

For the BER calculations, we used the lower eye-openings (as shown in Fig. 7) to calculate the
SNR and later obtained the estimated BER from the SNR using the relations as follows [14]–[16]:

SNR ¼ <� PL1 � PL0ð Þ½ �2

ð�0 þ �1Þ2
(14)

BER ¼ 0:5erfc

ffiffiffiffiffiffiffiffiffiffiffi
SNR
2

r !
: (15)

Fig. 6. Estimated SNR of the lower eye for the downlink Scheme A using 4-ASK RZ data.

Fig. 7. Downlink BER curves and eye diagrams for scheme A using 4-ASK RZ data.
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Here, PL1 and PL0 are the power associated with logic 1 and logic 0. �20 and �21 are the noise
variances of the signal and can be expressed as

�20 ¼PN0 þ NFAMP þ KTBnNFRX (16)

�21 ¼PN1 þ NFAMP þ KTBnNFRX : (17)

Here, PN0 and PN1 are the total noise of the PD using a Gaussian approximation including the
shot noise variance components associated with PL0 and PL1 , respectively. Total noise in this case
constitutes the thermal noise, shot noise, and relative intensity noise. NFAMP and NFRX are the
noise figure of amplifiers and noise figure of the receiver, respectively. KTBn is the thermal noise at
the RF receiver, where K is the Boltzmann’s constant, T is the temperature in Kelvin, and Bn is the
noise bandwidth. An approximate effective SNR was calculated from the lower, middle, and upper
eye openings using (14), and finally, a total BER was plotted for the received 4-ASK data.

Fig. 6 represents the downlink SNR for the lower eye openings at varying received optical power.
For the error-free reception of data at a received optical power of �7 dBm, the SNR was found as
12.54 dB. This method calculates estimated SNR of the lower eye assuming that the noise
distribution is Gaussian white. Additionally, eye openings for lower, middle, and upper eye are
assumed be equal in our approximation, although lower eye will be exposed to higher noise floor.

Fig. 8. Downlink BER curves and eye diagrams for scheme A using 4-ASK NRZ data.

Fig. 9. Full-duplex system configuration for experimental demonstration of Scheme B.
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However, the estimated BER from (15) is not a very accurate approach as the ideal approximation
might not be valid in all cases.

Fig. 7 therefore shows the estimated BER curves for the downlink experiments using RZ data
(shown at the leftmost plots). At a BER of 10�9, receiver sensitivity after SMF was found to be
�10.1 dBm with negligible power penalty of 0.2 dB with respect to BTB. Hence, to further
investigate the BER, we used a high-speed real-time oscilloscope where transmitted and received
data sequences were captured and later compared through offline error counting to calculate the
total BER. Fig. 7 also shows the calculated BER curves for the downlink experiments (shown in
themiddle plots). At a BER of 10�9, receiver sensitivity after 25.1 kmSMFwas found to be�8.2 dBm.
A negligible power penalty of 0.25 dB with respect to BTB was found in this case. For the downlink
directions using RZ data, around 2 dB power differences in sensitivities is found between the
estimated and calculated BERs. Therefore, except for the downlink and uplink 4-ASK RZ
implementations in Scheme A; for the later BER calculations, we used BER measurements through
offline error counting using a high-speed oscilloscope captured data sequence for better accuracy.

Fig. 8 presents the BER curves and eye diagrams for the downlink 5-Gb/s 4-ASK NRZ data. For
an error-free BER at 10�9, a receiver sensitivity of �7.1 dBm is found after the fiber transmissions.
A power penalty of 0.3 dB was observed compared with BTB conditions.

3.2. 4-ASK Demonstrations Using Scheme B

3.2.1. Downlink
For Scheme-B demonstrations, DFB laser operating 1549.110 nm is modulated at the CS and

later combined with the unmodulated DFB laser operating at 1549.396 nm. The rest of the setup is
kept unchanged, as detailed in Section 3.1 and shown in Fig. 9. However, the power levels were
controlled to manage equal power after the coupling of lasers.

3.2.2. Results and Discussion
Similar to Scheme A, relevant optical and RF spectra for downlink using 4-ASK NRZ format is

shown in Fig. 10(a)–(d) at respective points a to d in Fig. 9. Similar optical and RF spectra were

Fig. 10. (a)–(d): Optical and RF spectra at points a to d of the Scheme B using 4-ASK RZ data.
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obtained for RZ 4-ASK data and is not hence shown in this paper. Fig. 11(a) shows the BER curves
and eye-diagrams for the downlink 5-Gb/s 4-ASK RZ data. An error-free BER after the 25.1 km
SMF transmissions can be found at a receiver sensitivity of �8.8 dBm. The power penalty
compared with BTB conditions in such case was 0.2 dB. On the other hand, �7.8 dBm receiver
sensitivity at an error-free BER for the same SMF transmissions was observed for the NRZ formats
in Fig. 11(b). Minimal power penalty of 0.2 dB was found as well in this case.

3.3. 4-ASK Uplink Using Schemes A and B
For the uplink demonstration, an LO was used to generate mm-wave carrier at 35.75 GHz at the

CU, as shown in Figs. 3 and 9. The generated and filtered 5-Gb/s 4-ASK data was then mixed with
the 35.75 GHz mm-wave signal for upconversion. Both the NRZ and RZ formats were utilized in this
case. Similar to downlink, the upconverted signal was amplified using a combination of LNA and
MPA before RF self-homodyning at the BS. Necessary amplifications were provided at the LO port,
and a Ka-band mm-wave phase shifter was used before the RF port to perform the RF-self
homodyning using the Miteq Ka-band mixer. Due to RF self-homodyning, the data were retrieved at
the BS. A DFB laser operating at 1549.15 nm was modulated by the downconverted data using
2.5 GHz MZM. The modulated signal was transmitted over a 25.1 km length of SMF and detected by
a low-speed Miteq PD. The received data was filtered using suitable LPFs for both the NRZ and RZ
formats.

3.4. Results and Discussions for 4-ASK Uplink
For the uplink 4-ASK RZ demonstrations, relevant optical and RF spectra are shown in

Fig. 12(a)–(e) at respective points e to i in Figs. 3 and 9. Again, optical and RF spectra using 4-ASK
NRZ data showed almost similar performance and is not hence shown in the paper. The upconverted
mm-wave signal after themixing of LO and 4-ASKdata is shown in Fig. 12(a). The amplified version of
the modulated mm-wave signal is presented in Fig. 12(b). RF spectra of the signal after the RF self-
homodyning and filtering is shown in Fig. 12(c) with an inset of the retrieved data at BS. Fig. 12(d)

Fig. 11. BER curves and eye diagrams for downlink Scheme B using (a) 4-ASK RZ data and (b) 4-ASK
NRZ data.
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shows the modulated optical spectra at uplink prior to SMF transmission. The detected and filtered
4-ASK data are finally presented in Fig. 12(e).

Similarly, Fig. 13(a) shows the uplink BER curves and eye diagrams using 4-ASK RZ data. After
the SMF transmissions, �11.1 dBm received sensitivity was found at an estimated BER of 10�9.
The power penalty in this case was 0.25 dB compared with BTB conditions. For the lower eye
openings, a receiver sensitivity of �8.2 dBm is found for the same error-free BER. However, for the
calculated BER through offline error counting using a high-speed oscilloscope data, we found a
received sensitivity of �9.3 dBm at a BER of 10�9 with a power penalty of 0.3 dBm. Similar to
downlink case, for the uplink directions using RZ data, around 2 dB difference in sensitivities is
found between the estimated and calculated BERs. Hence, for better accuracy of BER calculation,
Fig. 13(b) presents the calculated BER through offline error counting using a high-speed
oscilloscope data along with the eye diagrams using 4-ASK NRZ data. In this case, error-free
receiver sensitivity was found at �7.9 dBm after the SMF transmissions with a minimal power
penalty of 0.25 dB.

3.5. 8-ASK Demonstrations Using Scheme A

3.5.1. Downlink
In order to examine even higher M-ASK signals such as 8-ASK, we utilized the downlink Scheme

A experimental setup. Here, we generated 3.75 Gbps RZ 8-ASK data using the AWG for a data

Fig. 12. (a)–(e): Optical and RF spectra for uplink using 4-ASK RZ data at respective locations e to i of
the experimental setup shown in Figs. 3 and 9.
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transmission bandwidth of 1.25 GHz. The sampling rate was 2.5 GS/s in this case. LPF of 2.5 GHz
bandwidth was used in this experiment. Due to noisier performance of the NRZ format at 8-ASK,
only RZ format was chosen for the 8-ASK experiments. The rest of the setup was unchanged and is
not hence described here.

Fig. 14. (a)–(d): Downlink optical and RF spectra at points a to d of the Scheme A as in Fig. 3
using 8-ASK RZ data.

Fig. 13. Uplink BER curves and eye diagrams for Scheme A & B using (a) 4-ASK RZ data and (b) 4-ASK
NRZ data.
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3.5.2. Results and Discussion
Like previous cases, relevant optical and RF spectra for the 8-ASK RZ implementations are

shown in Fig. 14 at different points a–d in Fig. 9.
The BER curves and relevant eye diagrams for this implementation are shown in Fig. 15. Error-

free BER after SMF transmissions was found at a receiver sensitivity of �6.9 dBm in this case with
a power penalty of 0.3 dB.

3.6. 8-ASK Uplink Using Scheme A
Similar to 4-ASK, 8-ASK RZ implementations were made for the uplink directions. The AWG

sampling rate and LPF bandwidths were changed accordingly for this setup, as detailed in
Section 3.5.1 for the downlink.

3.7. Results and Discussions for 8-ASK Uplink
For the uplink 8-ASK RZ demonstrations, Fig. 16(a)–(e) presents the relevant optical and RF

spectra at respective points a–e in Fig. 9. The BER curves and eye diagrams for this link is shown in
Fig. 17. Receiver sensitivity of �7.7 dBm and a power penalty of 0.3 dB were observed in this case.

4. Discussions
The proposed M-ASK implementations for both downlink and uplink for phase-insensitive recovery
of data have been demonstrated experimentally. From the signal generation point of view, both
Scheme A and B exhibited almost similar performance using the respective formats. Schemes A
and B were chosen being a perfect representation of spectrally efficient and dispersion tolerant
OCS-DSB and OSSBþC modulation techniques [17]–[19]. In our demonstrations, receiver
sensitivities in RZ formats showed better performance compared with the NRZ formats. This could
be due to the fact that average signal power of NRZ is twice as large as the RZ signal. Also, power
penalty was nominally identical after transmission through 25.1 km of SMF using both the NRZ and
RZ formats, although RZ has better dispersion tolerance as compared with NRZ formats [20], [21].
Receiver sensitivities were relatively higher in our experimental implementations due to the higher
input power requirements at the LO port of the high-speed mixer. A simple Schottky diode could
replace such mixer, which does not need to be split for RF self-homodyning and thereby can avoid
the extra input power needed for the LO port. While the receiver sensitivities are limited by the noise

Fig. 15. BER curves and eye diagrams for downlink Scheme A using 8-ASK RZ data.
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levels of the M-ASK data, signal dependent noise arising from the square-law detection could lower
the receiver sensitivity for even higher level M-ASK formats, and a tradeoff is therefore necessary
between optimal spacing of amplitude levels and noise [22]–[24]. However, the M-ASK formats

Fig. 17. BER curves and eye diagrams for uplink using 8-ASK RZ data.

Fig. 16. (a)–(e): Optical and RF spectra at uplink using 8-ASK RZ data at locations e to i of the setup.
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introduced (using both NRZ and RZ formats) in the experiments reduce the bandwidth requirements
of the transmitter and receiver by a factor of M compared with conventional ASK formats, thereby
reducing the hardware complexity [25]–[27].

5. Conclusion
Proposed and demonstrated full-duplex signal generation schemes using multilevel 4-ASK and
8-ASK modulation formats confirm the phase-insensitive recovery of data for both downlink and
uplink directions employing the unlocked optical heterodyning and RF self-homodyning. Although
high-speed PD, LNA, MPA, and phase shifters are evident in our mm-wave RoF system, most of the
high-speed electrooptic and RF device requirements such as high-speed LO, modulator, frequency/
phase locking arrangements, etc., are eliminated using such technique. Data transmission efficiency
has been also doubled or tripled without sacrificing the spectral bandwidth due to the introduction of
M-ASK implementations in such systems. Therefore, considering low-cost optical mm-wave
generation and transport, efficient frequency upconversion strategies, and simpler multilevel data
transmission strategies, this kind of implementation can be a potential solution in offering multigigabit
BWA services at a cheaper price to the consumers.
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