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Abstract—The modern world and modern technology want 5G
communication to satiate their urgent need of multi-gigabits data
transmission in small cells. For this aspiration, a bidirectional
orthogonal frequency division multiplexing (OFDM) based mil-
limeter wave over and terahertz wave over fiber system is proposed
and demonstrated for 5G access fronthaul. A comparative study
between millimeter-wave (MMW) and terahertz wave (THzW)
regarding 5G communication is also analyzed. With the assistance
of L and C band quantum dash laser diode, MMW and THzW
are generated. For downstream (DS), 10 Gbps/12.5Gbps (for
MMW/THzW) OFDM data in L band is transmitted over 50-
km/25-km single mode fiber (SMF) and 100-m free space optics
(FSO) distance, on the other side for upstream (US) transmission,
6.5 Gbps/10 Gbps OFDM data in C band is communicated over
50-km/25-km SMF plus 100-m FSO link. The selection of L and
C band for DS and US transmission provide the advantages to
reduce the Rayleigh back scattering effect in our bidirectional
system not only that it also helps to mitigate the intensity-noise
as compared to the conventional amplified spontaneous emission
source. This research work gives an overview for the reliability
of MMW and THzW system regarding 5G communication. The
capability of our system becomes build up by obtaining low bit error
rate (under FEC limit), proper error vector magnitude (<10.2%),
and clear constellation diagram.

Index Terms—Orthogonal frequency division multiplexing,
millimeter wave over fiber, terahertz wave over fiber, Injection
locking scheme, Quantum-dash laser diode.

I. INTRODUCTION

THE rapid growth of wireless technology from 1G to 4G
is interconnected with the very fast revolution of mobile

technology. There are lots of cellular networks such as Blue-
tooth, WLAN (wireless local area network), 3G etc remains
under 4G systems, but now 4G technologies feel tired to satisfy
the uncompromising demand of public [1]. Recently lots of
research work is proposed to establish next generation wireless
network that is 5G [2]–[4]. Our future 5G technology must be
strengthen on some important sides such as bandwidth enhance-
ment, fastest networks, small cell concepts and including some
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new and interesting technology for communication. Our next
generation 5G network is very efficient to support billions of
wireless devices by the enhancement of transmission rate and
capacity of the system [5], [6]. A potential alternative regarding
the greater fastest indoor / hotspot connection for 5G network
is found that is wireless access network at millimeter-wave
(MMW) band which is famous for bandwidth enhancement
[7]–[10]. Fibre optic communication support the combined form
of optical fibre and wireless network as well as perform an
important role very well in both backhaul and fronthaul network
for future 5G access [11]. Millimetre wave over fibre (MMWOF)
is very good example of wireless over fibre (WOF) system which
provide numerous advantages like greater bandwidth, licence
free features, high security etc which makes a potential platform
to give us a comfort and easy life [12]–[16]. The outstanding
entry of MMWOF into the existing network i.e., passive optical
network (PON), hybrid fiber coaxial (HFC) leads to suppress
the capital and operational expenditure of the system [17]. On
the other hand, recently terahertz wave (THzW) band has been
considered as a key technology in the world of communication
system. This terahertz wave successfully overcomes the barrier
of bandwidth demand of our future 5G network [18]–[21]. It is
also covering a variety of applications such as medical security
and scientific fields [22], [23]. During the last few years interest
in this frequency range highlighted above (MMW and THzW)
enhanced swiftly. Now a day’s much effort is focused on the
generation of MMW and THzW, and lots of research works have
been proposed and demonstrated regarding the photonic gener-
ation of MMW and THzW [24], [25]. These photonic waves
(MMW and THzW) are utilised properly as a powerful contes-
tant in radio over fiber (ROF) wireless network, 5G and satellite
communication [20]–[24]. There are various kind of conven-
tional techniques reported in the communication field to generate
photonic MMW and THzW, some of them are-separation of
radio frequency spectrum, and optical heterodyne mixing [26],
[27]. Unfortunately, the overall system cost becomes very higher
for radio frequency separation scheme [26]. Whereas heterodyne
scheme also offers some disadvantages such as relatively high
phase noise, line width broadening and spectral purity decreas-
ing etc. [28]. Therefore, optical injection and injection locking
techniques spread their helping hand towards the heterodyne
mixing scheme to eliminate the drawbacks associated with it
[29]–[32]. External injection and self-injection locking both are
attracted as an eminent technique due to its various advantages.
The external injection-locking scheme provide the solution of
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wide linewidth problem, and the amplitude and offset frequency
of the perturbing optical field can be controlled by using indepen-
dent laser source, but sometimes the modulation bandwidth can
be hampered by it [33], [34]. Whereas the self-injection locking
scheme offers high side mode suppression ratio (SMSR), large
bandwidth, large capacity, cost-effectiveness, and also reduce
the channel crosstalk [35], [36]. By merging the capacity of
the external injection locking with the ubiquity and mobility of
self-injection locking, hybrid injection locking scheme provide
a powerful platform to support next generation communication
system. On the other side several approaches that are based on
quantum dash (Q dash) InAs /GaAs and InAs /InP laser diode
(LD) for MMW and THzW applications have been proposed.
Such as, MMW signal generation using Quantum dash mode
locked lasers [37], 134 GHz pulse generation using a quantum-
dash-based Fabry-Perot laser emitting at 1.56 μm [38] and 50
GHz/100 GHz MMW is generated with the assistance of InP
based QD-LD [39]. Nevertheless, it is necessary to construct
a more reliable and flexible MMWOF and THzWOF system
towards our 5G communication.

This research work proposed and demonstrated an orthogonal
frequency division multiplexing (OFDM) based bi-directional
MMWOF and THzWOF transport system for 5G communica-
tion. A comparative study between MMWOF and THzWOF is
also demonstrated here. By utilising properly, the self-injection
as well as external injection locking techniques with the help
of InAs /InP Quantum dash laser diode (Q dash LD), 60 GHz
MMW and 1.3 THz, 1.1THz wave is generated. L and C band
Quantum dash laser is used in downstream (DS) and upstream
(US) communication. 10 Gbps/12.5 Gbps OFDM data (10 Gbps
for MMW and 12.5 Gbps for THzW) is transmitted in down-
link over 50-km/25-km single mode fiber (SMF) (50-km for
MMW and 25-km for THzW) and 100-m wireless distance, and
6.5 Gbps/10 Gbps (for MMW/THzW) OFDM data is transmitted
in uplink over another 50-km/25-km SMF and 100-m wireless
distance. Good Bit error rate (BER) value, proper error vector
magnitude (EVM), and clear constellation diagram convey the
fruitful transmission of the proposed system. A conclusion to
select proper system is attained towards long reach and higher
capacity 5G access fronthaul networks. Best of our knowledge,
this is the first time that a comparative study between OFDM
based MMW/THzW for 5G network is demonstrated properly.

II. EXPERIMENTAL SETUP

Fig. 1(a) illustrates the experimental setup of the generation
of photonic L and C band MMW and THzW source. L and C
band Q dash LD is utilized as an optical source due to its flat
and wide spectrum. 360 mA-biased L band and 300 mA-biased
C band InAs/InP based Qdash LDs are used as a broad band
source, the out-put power of L and C band Qdash LD is 15 mW
(for L band) and 10 mW (for C band) respectively. L and C
band Qdash LD ranging from 1600 nm to1620 nm (L band)
and 1554 nm to 1562 nm (C band) respectively. The light wave
coming from both (L and C) of the Q dash LD is fed into
one port of optical circulator (OC) via polarization controller
(PC). Now these optical signals are amplified by an erbium

doped fiber amplifier (EDFA) as a booster amplifier via another
port of OC. After that, the optical signal is splitted into two
halves by using a 50:50 coupler (CP1). A tunable optical band
pass filter (TOBPF) is connected in the feedback path of the
one half of the optical signal. TOBPF controls the multiple
modes power which is re-injected into the laser active medium.
Finally, the selected optical mode is fed into port 3 of the OC
using another 50:50 coupler (CP2) for the re-injection scheme
into laser active medium. The self-injection locking scheme is
successfully realized by locking the desired selected wavelength
of the quantum dash emission by properly maintaining all the
parameters of the instruments used here specially the central
wavelength as well as the bandwidth of the band pass filter
(BPF) and polarization angle of PC, etc. On the other side,
tunable laser is taken for external injection locking. First of all,
the light wave of this laser is fed into an optical isolator (OI)
and then CP2 after that it goes into the active medium of Q
dash LD through port 3 of OC. The selected desired wavelength
of tunable master laser matches the fabry perot (FP) mode of
Q dash LD for external injection locking with greater injection
ratio. Lastly, in CP2 both the selected wavelength (self-injection
and external injection wavelength) is combined to generate
MMW and THzW source. Therefore, the L band MMW/THzW
is modulated with 10 Gbps/12.5 Gbps OFDM data rate with the
assistance of a phase modulator (PM). The OFDM data stream
is generated by MATLAB programming and using an arbitrary
wave form generator (AWG) with 8-bit resolution, 512-point
FFT, 12 GS/s, 1/64 CP, 32 QAM modulation format. The number
of subcarrier and bandwidth is 128 and 2.5 GHz. The generated
OFDM data is fed into the electrical port of PM before being
amplified by a linear modulator driver amplifier followed by a
bias tee (bias current = 72 mA). Therefore, in PM the electrical
OFDM data is modulated with our generated MMW/ THzW
signal without any bias drifting problem and the peak-to-peak
voltage of light wave and the half wave voltage (Vπ) of PM
are chosen 3.5V and 12V respectively to successfully execute
the modulation process. Fig. 1(b) shows the experimental setup
of our bidirectional system where MMW/THzW is transmitted
over 50-km/25-km SMF and 100-m free space optics (FSO)
distances. After modulation with 10 Gbps/12.5 Gbps OFDM
data, the L band MMW/THzW is fed into a combiner, where
it is combined with C band MMW/THzW. Then, the combined
wave transmitted over 50-km/25-km SMF after amplification
by EDFA. The L and C band are separated by a separator in the
receiving section. L band MMW/THzW is routed through one
port of separator and communicated over 100-m FSO link em-
ploying doublet lens technique. At the end of FSO transmission
the MMW signal is detected by 60-GHz photo diode (PD) and
then filtered by a BPF.

Finally, the signal is fed into a real-time scope (DSA) and the
downlink data is recovered by offline Digital Signal Processing
(DSP) method. The THz wave is detected by a zero-bias detector
(ZBD) followed by BPF and low noise amplifier (LNA) at the
end of FSO link. The THzW is down converted by a local
oscillator (LO) and a mixer and then the data is recovered with
the assistance of clock data recovery (CDR). Finally, the signal is
fed into bit error rate tester (BERT) to analyze the performance.
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Fig. 1. (a) Schematic diagram of the generation of Land C band MMW/THzWsource. (b) Experimental setup of our proposed bidirectional OFDM based
MMWOF/THzWOFsystem. (c) Conceptual diagram of electrical and optical spectra at some points of the electrical and optical path [insert (i)–(viii) and (1)–(9)
of Fig. 1(a) and Fig. 1(b)].

On the other side, the C band is routed through another port
of the separator and fed into a PM via OC for uplink data
modulation. In PM, C band MMW/THzW is modulated with
6.5 Gbps/10 Gbps OFDM data. After modulation, the uplink
signal is fed into another 50-km/25-km SMF (MMW/THzW)

by OC. Two different SMF is used to avoid Rayleigh back
scattering effect (RBS) in the bi-directional system. At first
the uplink signal is amplified by EDFA and then attenuated by
variable optical attenuator (VOA). Now the signal is wirelessly
transmitted through the same FSO link. At the end of wireless



7301207 IEEE PHOTONICS JOURNAL, VOL. 13, NO. 4, AUGUST 2021

distance uplink MMW signal is received by a PD and fed into
a BPF to filter out the unwanted noise. Therefore, finally the
uplink data is launched into an OFDM analyser to analysing
the transmission performance. Finally, the uplink raw data is
collected by DSP method. The uplink THzW signal is detected
by the ZBD after travelling through FSO link and then fed into
BPF and LNA. Therefore, the THzW is down converted and fed
into the BERT to evaluate its transmission performance.

Fig. 1(c) illustrates the point-to-point description of the gener-
ation of MMW and THzW signal. First, self-injection locking
scheme is performed and analyzed by optical spectrum ana-
lyzer (OSA) then external injection locking scheme is distinctly
executed and evaluated by OSA. After that finally both the
self-injection and external injection locking scheme is carried
out simultaneously to realize hybrid injection locking scheme.
The inset (1) shows the self-injection locked mode (1608 nm
for L band and 1555 nm for C band MMW), which is achieved
by properly tunning the FP mode from the Q dash LD (QDLD)
emission via a TOBPF and reinjected it into the active region of
QDLD via OC. Inset (2) shows the desired wavelength selected
from tunable laser source before external injection locking. After
that, this selected wavelength is fed into the active region of
QDLD vis CP2 followed by OC to obtain external injection
locked mode (1607.52 nm for L band and 1555.48 nm for C
band MMW) which shown in inset (3). Inset (4) represents the
hybrid injection locking scheme, when both self-injection and
external injection locking scheme is taking place simultaneously
to generate L band MMW. Inset (5) shows the hybrid injec-
tion locking scheme for C band MMW. The generation of L
band THzW (self-injection at1608 nm and external injection at
1595.67 nm) and C band THzW (self-injection at 1555 nm m
and external injection at 1545.5 nm) with the assistance of this
hybrid injection locking scheme is shown in inset (6) and (7)
respectively. inset (8) and (9) show the combined form of L and
C band MMW as well as THzW signal before fed into the SMF.

In this bi-directional system, at first, we generate MMW by
selecting injection locked wavelength (both self and external in-
jection locking) in a proper way and then this MMW is transmit-
ted through the proposed bi-directional system and evaluate its
transmission performance. After that, we have generated THzW
by properly selecting the central wavelength of the BPF as
well as tunable laser. Then this THzW is passed through the
proposed architecture and evaluated its communication com-
petence. The optical spectra show the successful generation of
MMW and THzW. The performance of MMW and THzW is
compared and analyzed by evaluating proper BER values, EVM
and constellation diagrams.

III. RESULTS AND DISCUSSIONS

Fig. 2(a)–(g) shows the optical spectrum of the generation of
L/C band MMW and THzW at different beat frequency.

Fig. 2(a) represents the single self-injection locked mode at
1608 nm. To achieve a successful self-injection lock technique,
the pass band as well as the central wavelength of BPF is selected
in that way to match the 1608 nm FP mode of L band Q dash LD
with the assistance of PC. All the side modes associated with

Fig. 2. (a)-(g) optical spectra of the generation of L/C band MMW and THZ
wave.

this wavelength are suppressed very well during self-injection
locking scheme, as a result very good SMSR∼40 dB is achieved.
Fig. 2(b) shows the optical spectrum of selected wavelength
of tunable laser source (master laser) just before the external
injection locking scheme. The optical spectrum of external
injection locked mode at 1607.52 nm (60 GHz away from
self-injection locked mode) by properly tuning master laser with
SMSR∼29 dB, is shown in Fig. 2(c). The combined form of
self-injection and external injection locked mode at 1608 nm and
1607.52 nm is displayed in Fig. 2(d). On the other word, Fig. 2(d)
represents the L band 60 GHz MMW signal. Fig. 2(e) shows the
optical spectrum of C band 60 GHz MMW signal. Following
the same process of the generation of L band MMW, C band
self-injection mode at 1555 nm and external injection mode at
1555.48 nm (60 GHz away from the self-injection locked mode)
are combined to produce C band 60 GHz MMW. In case of L/C
band THz wave, the external seeding wavelength was varying for
external injection locked mode, keeping fixed the self-injection
locked mode (both for L and C band). Fig. 2(f) and 2 (g) displays
the L band 1.3 THz and C band 1.1 THz wave. For L band,
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Fig. 3. (i)-(vii) Electrical spectra at some points of the electrical path [insert
(i)-(vii) of Fig. 1(a) and Fig. 1(b)].

Fig. 4. Measured BER curve for (a) 10 Gbps/60 GHz MMW (L band)
downlink signal and (b) 6.5 Gbps/60 GHz MMW (C band) uplink signal.

self-injection locked mode is fixed at 1608 nm and the wave-
length of selected external injection mode is 1595.67 nm. For
C band, 1555 nm wavelength is fixed for self-injection locking
and the wavelength 1545.5 nm is selected for external injection
locking. The entire optical spectra of Fig. 2 are an evidence
of the successful generation of L/C band MMW and THzW.
A comparative study between the L/C band MMW as well as
L/C band THzW is studied by evaluating BER performance of
the system. Fig. 3 (i)–(vii) represents the electrical spectra at
every key node of the electrical path which reveals the fruitful
transmission of the generated MMW and THzW signal.

Fig. 4(a) and 4(b) represents the measured BER curve for
10 Gbps downlink and 6.5 Gbps uplink MMW transmission with
clear constellation diagram, respectively. In case of downlink
signal, the receiver sensitivity is ∼−18.5 dB with a BER of
3.8 × 10−3 (under FEC limit). The recorded power penalty
between back-to-back (BTB) and 50-km SMF plus 100-m FSO
link is ∼4 dB. For, uplink MMW signal, the receiver sensitivity
is ∼−16.1 dB with a BER of 3.4 × 10−3 (under FEC limit). A
∼4.5 dB power penalty is observed between BTB and 50-km
SMF and 100-m FSO link, at a BER of 10−3. From the BER
curve, the power penalty difference between DS and US signal
is very low (∼0.5 dB). By using OFDM signal and two different
bands (L and C) for DS as well as US transmission, plays

a vital role to reduce the power penalty difference between
DS and US case. OFDM signal eliminates the inter symbol
interference (ISI), dispersion, multipath fading effect [40], [41]
and on the other side modulation into two different band for
DS and US transmission simultaneously reduced the RBS effect
[42], intensity-noise, and power degradation of US signal [43].

The OFDM signal is represented as [44],

ψ (t) =
+∞∑

i=−∞

NS∑
k=1

skρk (t) (1)

ρk (t) =

{
ej2π

Fk
Ns k (t− Ts) , 0 ≤ t ≤ Ts

0, otherwise
(2)

Where, ρk(t) represents the wave form of the kth subcarriers,
sk is the symbol of the kth subcarrier, Fk is the frequency of the
subcarriers, Ts represent the symbol period, NS is the number
of subcarriers.

The OFDM signal is always able to overcome the inter carrier
interference (ICI) effect as it is constantly follow the orthogo-
nality condition. The condition is given by [41],

1
/
Ts

∫ Ts

0

exp (j2π (fk − fn) t) dt =

{
1, ∀ integer k = n
0, otherwise

(3)
A major part of OFDM signal is the length of cyclic prefix

(CP), called guard interval. After introducing CP at every sym-
bol, the total symbol duration is enhanced, such as [44],

Ttotal = TCP + Ts (4)

Where, TCP is the length of the CP.
The length of the CP is taken longer than the maximum delay

of the multipath channel in wireless link, the signal is obeying
a certain condition such as [ 4 ],

tdelay < δG (5)

Where, δG is the guard interval between the symbols.
Therefore, the OFDM signal is represented as,

ψ (t) =

+∞∑
i=−∞

NS∑
k=1

sk ψik (t)− TCP ≤ t ≤ Ts (6)

CP is removed from every symbol in the OFDM receiver and
at the same time all the ISI from the previous symbol which is
carried by the CP is also removed. As a result, dispersion as well
as ISI free signal is achieved.

On the other hand, the OFDM signal can easily overcome the
fading effect due to its frequency selective fading response. By
analysing the frequency selective response of OFDM spectrum,
it is noticed that only one or two subcarriers are affected by
fading, due to this reason a small sub-set of bit stream is lost not
the whole data rate [45].

Fig. 5(a) and (b) represent the BER vs receive opti-
cal power graph for 12.5 Gbps/1.3 THzW DS signal and
10 Gbps/1.1 THzW US signal transmission over 25-km SMF
plus 100-m (for DS) and 100-m (for US) wireless distance,
respectively. For DS transmission, ∼−16.6 dB receiver sen-
sitivity with a BER of 3.2 × 10−3 is obtained. The power
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Fig. 5. BER vs receive optical power graph for (a) L band 12.5 Gbps/1.3 THzW
DS signal and (b) C band 10 Gbps/1.1 THzW US signal.

Fig. 6. Measured BER curve for (a) 1.3 THzW over 20-km/25-km/30-km/
32-km SMF and (b) over 95-m/100-m/105-m/110-m wireless link.

penalty of ∼2 dB is achieved for DS signal. Other side for,
∼−16.9 dB receiver sensitivity with a BER of 2.8 × 10−3 is
recorded for US transmission. The power penalty between BTB
and 25-km SMF plus 100-m FSO link for uplink transmission
is ∼2.3 dB. The clear constellation diagrams are also depicted
in Fig. 5. The BER vs receive optical power graph at different
transmission distances (SMF and wireless distances) is recorded
to analyze the capability of generated THzW for long reach
communication. Fig. 6(a) and (b) represent the measured BER
curve at various distances. From Fig. 6(a) and (b), it is clear
that when transmission distance is larger than 25-km SMF and
larger than 100-m wireless distance the BER value exceeds the
FEC limit (greater than 10−3) with messy and noisy constellation
diagrams. The reason behind the problem highlighted above is
the greater amount of attenuation, which arises because of the
very strong scattering and absorption by atmosphere due to rain,
dust, clouds, etc. [46]–[49].

On the other hand, to examine the capacity of generated
MMW signal, the transmission data rate slightly increases for
both DS and US communication. Fig. 7(a) and (b) represent the
measured BER curve for 12.5 Gbps for DS and 10 Gbps for US
transmission. Now, for this experiment we take the same data
rate as that of the THzW for better comparison. From this exper-
iment, it is noted that when we increase the data rate the BER
value till maintain the FEC limit, but the power penalty become
so high (∼5.4 dB for DS and ∼6.5 dB for US) as compared to
the estimated value. The achieved values of this experiment do
not convey a clear signature of fruitful transmission. From the
graphs Fig. 4–Fig. 7, the MMW is suitable for long reach 5G
communications with moderated data rate (not very low, not so

Fig. 7. Measured BER curve for (a) 12.5 Gbps/60 GHz MMW downlink signal
and (b) 10 Gbps/60 GHz MMW uplink signal.

high), on the other side THzW is a potential candidate regarding
higher capacity but with small 5G communication distance.

IV. CONCLUSION

In this study, a novel bidirectional OFDM based MMWOF
and THzWOF system is established for the evaluation of MMW
and THzW towards 5G access fronthaul network. L and C band
Q dash LD act as a broadband source for downlink and uplink
transmission respectively to generate MMW and THzW beat fre-
quency. L band downlink signal is transmitted with 10 Gbps data
rate (via MMW) as well as 12.5 Gbps data rate (via THzW) and
C band uplink signal is communicated with 6.5 Gbps data rate
(via MMW) as well as 10 Gbps data rate (via THzW). A detailed
comparative study between MMW and THzW regarding data
rate transmission capacity and the capability of long reach com-
munication for 5G network is also demonstrated. The efficiency
of the system is evaluated by low BER (10−3 under FEC limit),
proper EVM (<10.2%) and clear constellation diagram. Based
on the results, it can be concluded that MMW and THzW both
are very strong and powerful candidate for 5G communication
for different requirement. In case of long reach 5G communica-
tions, MMW is suitable contender and for higher transmission
capacity but limited propagation length, THzW will always play
a vital role for 5G communications. The presented architecture
can promote the deployment of next generation communication
system.
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