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Abstract

This paper proposes a new scheme for th. oeneration and transmission of a
MIMO-OFDM signal over optical fib~> nsing a single local oscillator (LO)
at 15GHz. This technique is based o. <abcarrier multiplexing and Opti-
cal Carrier Suppression (OCS) mo. 'atic » using both Dual-Parallel Mach-
Zehnder Modulator (DP-MZM) and Ducl-Drive Mach-Zehnder Modulator
(DD-MZM). DP-MZM is used to muui, lex the MIMO-OFDM signals while
DD-MZM is used to generate the 9UCHz signal by quadrupling. The real-
istic and global simulation <. v. » complete system is performed to predict
the behavior of a Radio ¢ ver Fib»r (RoF) system prior to its realization.
The optical and wireless chaw..~'s are based on Single Mode Fiber (SMF)
and Triple-S-and-Valen .uel . (TSV) models, respectively. We have exploited
the allocated 7TGHz ir the 50(:Hz band for unlicensed use and we have suc-
cessfully achieved 5. m SMF followed by 3m wireless link at 70Gb/s. In
comparison with tradition. ! methods, the technique proposed combines bet-
ter performance .t 1 latively low-cost.

Keywords: 60 GHz, MIMO, OFDM, Radio over Fiber, MMW generation.

1. Intror uction

Over t. < last decade, there has been a lot of interest to achieve the highest
data *aroughput. In this context, Multiple-Input Multiple-Output (MIMO)
techr.nlogy I as proven its ability to improve data rate. However, the imple-
mentatic.. of MIMO technology has been usually restricted to the microwave
rav7e < 6GHz) resulting in limited data rate below few Gb/s. Therefore,
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the transition to higher frequency range, specifically the 60GH. bhe.ad, is con-
sidered by standardization organizations as a viable alterna.’ve 1. respond
to the need of high data rate. In particular, new standar ., fores.z2n in this
frequency range are capable of delivering data rate up *» 7C.b/. (802.11.ad
and 802.15.3¢) [1]. However, the signals transmitted in this ~and suffer from
a strong attenuation related to free-space propagatior losse: and multiple re-
flections due to the possible presence of obstacles. T. us, th : radio coverage
is generally limited to a few meters in the indoo environment. To extend
this coverage to an entire building or a large area. “vad 5 over Fiber (RoF)
technology is considered.

Radio over Fiber has been widely described in 1 e literature as a viable
solution for transporting MIMO signals. Indec? PROF allows the transport
of multiple RF signals over single optical fibc> from central office to base
station. Various techniques have been dc. ribed to transport MIMO signals
over fiber [2-7]. Among them, we find the po.. rization-division-multiplexing
(PDM) [2, 3], optical subcarriers mul. ‘ol xing [4-6], or PDM with optical
heterodyne up-converter at base st *ion 7]. However, these techniques use
more than one high-frequency local czcii'ator (up to 40GHz). In this work,
we introduce a new technique th. - ...2"« 5 use of only one oscillator operating
at 15GHz. In addition, this techniqu~ offers better performances compared
to those used in [5] and [6].

The MIMO channel mec fel use ! in this work is based on TSV model [8].
This model was proposed by v. »~ } ational Institute of Information and Com-
munication Technology NI T) - Japan to the 802.15.3¢ Channel model sub-
group. TSV is a statictic. " me del whose basic assumption is that multipath
components arrive ir <lusters in both the temporal and spatial domains [9].
This model incorporates . ~me of the antenna parameters within the channel
accounting for treir offects. We have used the model of Desktop environ-
ment which is a v cal office desktop and computer cluster [10]. Compared
to previous wrks [b, 5] and considering in this paper a more precise chan-
nel model, v > p-opc e in this work a global architecture including a hybrid
system in the o, * :al and wireless regimes for communications around 60
GHz. Th: beha fior prediction of such system is carried out by a global sim-
ulation us ng th : real characteristics of the functions: baseband, optical/RF
and t- ansmission environment. To validate our approach, we have evaluated
and (ompar d our technique that uses one LO with the method based on
two LOs, L function of bit error rate (BER) performance and optical power
Spe tr .




The rest of this paper is organized as follows: Section 2 pre. mf, the 2 x 2
MIMO-RoF proposed system. Section 3 describes its theo. *ica:r ~nalysis.
Next, Section 4 presents the results obtained by simulati ... Fi. lly, some
concluding remarks are given in Section 5.

2. Principle of the proposed system

The proposed 2 x 2 MIMO-RoF architectur. is picsented in Fig. 1.
The OFDM complex baseband signals, [; —OFL M .nd Q; — OF DM (with
j=1,2), were generated using Matlab/Simulink . nd ther sampled at 10 GS/s.
These signals are obtained by mapping binary da.a into QPSK, 16QAM,
or 64QAM.The mapped data is coded using = Ve tical-Bell Laboratories
Layered Space-Time (V-BLAST) coder, whi> corresponds to spatial mul-
tiplexing technique, to form two OFD! ™~ siguas. Two training sequences
are inserted before the Inverse Fast Fourier .-ansform (IFFT) operation for
channel estimation at receiver. The O. Ub. ,ignal is obtained by using FFT
of 512 points with a cyclic prefix (("P) o. 1/8 symbol time, and 355 subcar-
riers which corresponds to 6.93GHz ba. dwidth. The principle of the used
RoF downlink, with an optical ¢: .i~= (") transmitting two RF OFDM (RF}
and RF3) signals, is based on dual p. vallel MZM (DP-MZM) and dual drive
MZM (DD-MZM). The OFDPM baseband signals are up-converted electri-
cally to fro =15GHz usins I/Q 1. ixers. The converted signals are coupled
through a 90° hybrid conple. T ie DP-MZM is polarized to its minimum
transmission bias point co - calize optical carrier suppression (OCS) modu-
lation and the used par. ~cter; are shown in Table 1. This MZM is driven
by the combined sigr als to modulate the optical carrier and to multiplex the
subcarriers as depicted 1. inset (b) [6, 11].

In order to ge 1 'te 60GHz (4 X fro) from optical heterodyne in photo-
detector, a DD-. 17! ¢ is used to generate two subcarriers, spaced by 90GHz
(inset d’), to k2 comv. med with the multiplexed RF-OFDM subcarriers (inset
c) [12]. The mu’cip] xed subcarriers, depicted in inset (e), are transported
from central sta.*or to base station through a single mode optical fiber. The
received ¢ pticai signal at base station is interleaved to separate the two RF-
OFDM ccmpon nts of 2 x 2 MIMO signal. Finally, the interleaved signals
are cc uverted 1n the electrical domain using two photodiodes. An interleaver
is use 1 after DD-MZM to delete the unused subcarriers of frequency f.+ fro
and f.- .o (an optical filter can be used).
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Figure 1: Schematic princip » ¢ the proposed system
Parameter Value
Extinctio: .5 30 dB

Switching bia. voltage 4V
Switchi»~ RF voltage 4V
Bias voltage 1 ov
Birs viitag . 2 4V

Tabl 1: ara .aeters of DP-MZM modulator

3. Theoretical awalys..-

The signal ¢ mer .ted from the DD-MZM, inset (d) of Fig. 1 , has the
optical field E (¢, lefined as

Eou(t, = E; (t)exp [j5 cos (wnt + ¢)] + exp [ 5 cos wmt + joo] (1)

where E, (t) = %. exp (jw.t) is the optical carrier, j> = —1, E. represents
the ampliv. 1e . is the angular frequency of the optical carrier (w, = 27 f,),
£ is “ne mq dulation index of the DD-MZM, Ay is the phase difference of
RF s.mnal aoplied to two arms of DD-MZM, ¢, is the phase obtained by
acineting che DC bias of DD-MZM, w,, is the angular frequency for the RF




signal. From Jacobi-Anger expansion [12], Eq. (1) has the foi.~ c.

out E Z ] eXp (wc + nwm)ﬂeXP (]nA( ) +om (]¢0) (2)

n=—oo

where J,,(f) is the nth Bessel function of the first kir d.

Since the sidebands of order 3¢, 274 15t 0 417 +2'1 and +3" are
of the most importance for our modulation, we lis. the aptical fields of these
sidebands as follows:

E_3= E.exp (] )[Jz(ﬂl) exp (—73p) 4 J3(32) exp ( i¢o)] exp [j(wet — 3wet)]
E_y = E.exp (JW)[JQ(Bl) exp (—j2¢) + Ja(b2, °xp (Jdo)] exp [j(wet — 2wet)]

E_y = Eexp (J%)[Jl(ﬁl) exp (—jp) + Ji %) exp (jgo)] exp [j(wet — wet)]
Ey = Ec[Jo(B1) + Jo(B2) exp (j¢o)]exp rwer
By = Ecexp (J%)M(ﬁl) exp (j) - (5. exp (jigo)] exp [j(wet — wet)]
By = Eoexp Gm)la(Br) exp (32 ) . (5a) exp (o)) exp [ (et — 2et)]
Ey3 = E.exp (]%)U&(ﬁl) exp (j3p) + J3(B2) exp (jdo)] exp [fi(wet — 3wet)]
(3)
The corresponding optic .l powe. , are:
Py = B (50) = 5() + 25(50) () cos (B + 6o)
Py =E's5"5) + J2(52) + 2J5(B1) J2(B2) cos (2¢ + ¢o)]
Py =F7 72(51) + T3 (82) + 201(B1) J1(Ba) cos (¢ + o)
%o)] (4)

Py = EZ17(B) + JE(B2) + 21(Br) Ja(
Py = E2Z(B) + J3(Ba2) + 2J2(B1) Jo(Ba
(B2) (B1)J5(

)
)c
) cos
Py ="211,(B1) + J3(Ba) + 2Jo(51)Jo(Bz) cos (
) cos
)c
Ths =L, [J5(B1) 4+ J3(B2) + 2J5(B1) J5(B2) ¢

In orde to ehtain an OCS modulation with the even sidebands order sup-
press: d (in ~ur case 2", 0% +27? order sidebands), the following conditions
shoul ! be ve ified




(5)

From (5), we have 8, = f52, ¢ = m(mod27), and 'y = m(mod2n). Thus, the
OCS modulation can be realized by means of a 187~ h brid coupler and a
dual-drive MZM by a proper DC bias, which in. ndu: -, an additional phase
difference of 7 between the two arms of the dual-dr. ¢ MZM.

4. Simulation results and discussion

The simulation of the proposed system 15 performed with a cosimulation
technique using MATLAB/Simulink « d _.iSystem. The simulations re-
sults are depicted in this section. We . ave started by fixing the optimal
optical power injected in the optica. n.. dulators to avoid operation in the
nonlinearity regime of optical ¢ ..;~nets. Indeed, we have calculated the
EVM performance at the receiver (1.”) for each value of optical power at the
transmitter (Tx), as shown ir @ig. 2. We have obtained 10dBm as optimal
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yigure 2: EVM variation in function of injected optical power

Ve ue, ~hich corresponds to the minimum of EVM and optical power. The
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Figure 3: a) Generated subc .rrie s wita 90GHz separation, b) Multiplexed subcarriers, ¢)
Combined optical signal, d, Spr ctru .1 at reception (25km)

EVM is calculated (or bu'm SMF with, high efficiency, 64QAM modulation
scheme. Fig. 3 .nc 7s the optical spectrum of generated subcarriers with
90GHz separatic ~ ( .), the multiplexed subcarriers of OFDM-MIMO signals
(b), the comb’aed op. cal signal (c) to be transported throught optical fiber,
and the frec ien y s* ectrum of millimeter wave at reception after photode-
tector.

For o1 r simu.'ations, the 2 x 2 MIMO channel is developed in our previous
research |1 which is based on TSV model [10]. To create sufficient antenna
decor clation, the transmitting and receiving antennas were separated by 9
cm a. d 5 cn , respectively [6]. The considered radio link has 3m of distance
between, T4 and Rx. In Fig. 4, we show the variation of BER in function
of ‘ot a fiber length at fixed signal-to-noise ratio Eb/No of 7dB. From this
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value, performance of 70Gb/s using a 64QAM modulation sche. e "3 achieved
over, up to, 42km of SMF length with a BER of 1073,

-1
0y

\ \;l— BE. q

10* 4

70 60 50
Ler~th (km)

Figure 4: BER in function of SN.T length for Eb/No = 7dB

Then, we have calculated the nerfo mance of the system for 50km SMF,
using different modulation schemes. The modulations used are QPSK, 16QQAM,
and 64QAM, which correspond to bit rates of 23.32Gb/s, 46.66Gb/s, and
70Gb/s, respectively. These resui s are obtained without using channel cod-
ing. Fig. 5 shows the perto.manc: of 2 x 2 MIMO-RoF for different mod-
ulations. These results 7 re ebtaied for 50km SMF followed by 3m wireless

7 ;» N \
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~1gure 5: Variation of BER in function of modulation and Eb/No




channel.

For comparison purpose, we have also simulated a syste.. basc?! on two
LO (25GHz and 35GHz) as in [5]. This comparison is *.. e 1. the same
conditions and with the same parameters in terms of me {uls j101., data rate,
and optical power. As we can see in Fig. 6, the optical sp.~trum obtained
with the proposed system, using a single LO (15GH .) (in hlue), shows low
attenuation of the optical power. Indeed, a differenc » of 1C 1B between the
generated spectra is noticed.

1

0 . . .
] ——15GHzLO | 1
——25and 35 LOs ‘ L |

204

Power (dBm)

vy

: i‘,'JM‘IﬂJmT. ‘

-100

———— T
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Figure 6: Optical spectra of .he » wltiplexed subcarriers in both cases: with one LO (blue)
and with two LOs (red)

We have also ccmpa. ~1 the transmission performance of a 2 x 2 MIMO
system at 70Gb/s w. h SMF fiber of 25km, as shown in Fig. 7. This compari-
son is performec. hy “ising 64QAM, 16QAM, and QPSK modulation schemes,
which allows v to sc. easily the difference between the performances of stud-
ied systems. As we can see, our system offers better BER performance. In-
deed, consideri..” PER = 1073, a gain of 10dB in term of Eb/No is noticed.
Moreover by ccmparing these results with those obtained experimentally in
[5], where they .ave used two LOs, we concluded that our system has bet-
ter pe wormance. Indeed, the authors in [5] have transmitted 61.5Gb/s data
rate . ignal v ith BER of 1073 over 25km SMF transmission followed by 3m
wireles. “».asmission, while we have transmitted 70Gb/s over 50km SMF
fo. owe & Ly a 3m wireless transmission.




5.

Conclusion

This paper presents the design and simulation of a new . >~ 2 MIMO

OFDM-RoF system architecture based on a single oscil' stor .= 15GHz. In
addition to the simplicity and relatively low-cost of the pro, < sed solution, the
results obtained demonstrate better performance comr ared to vhose obtained
using an architecture based on two oscillators. In | articu r, the solution
proposed can achieve data rate of 7T0Gb/s over 50kn, “*.F followed by a
3m wireless transmission. This performance imp ove .ic. t is due to the gain
provided in terms of optical power generated.
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e New scheme for 2x2 MIMO-OFDM RoF using a single local oscillator
e A realistic and global simulation of 2x2 MIMO-OFDM RoF system is proposed.
e Low-cost technique for Radio over Fiber system



