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Abstract

A Study on | F Signal Fading in the Fiber-Optic Millimeter
Wave System Using Self-Heter odyne M ethods

By

Sung-Kweon Park

Department of Electrical and Electronic Engineering
The Graduate School

Yonsei University

Recently, of great interest to end user is thkénmeter wave band which provides
wireless access to broadband network. Especidily, millimeter wave band of
60GHz will be used in the foreseeable future. B Baormous merits in the view of
technology and economics to use fiber-optic tramsioh systems between the
central station and the base station. In this shesstudy on IF signal fading is done
in the fiber-optic 60GHz millimeter wave systemnggself-heterodyne methods.

Single-mode fiber, also called “legacy fiberAshthe chromatic dispersion and
the polarization mode dispersion effect which casult in signal fading (or power

penalty) on the received millimeter wave. Howevhe dispersion effect is not too



serious because practical range of fiber-opticstrassion is less than 20km as well
as the various dispersion compensation technigqeeavailable.

On the other hand, the random changes in réfeaictdex of the optical fiber due
to environmental conditions such as temperaturesst and vibration can cause the
down-converted IF signal in the mobile station add with time, which is defined
here as IF signal fading. Through the analysishia thesis, the IF signal fading
problem can be considerably alleviated by insertivgg60GHz bandpass filter after
the photodiode. This filter only selects the upgideband of the received millimeter
wave and rejects other image components.

Based on the solution for the IF signal fadingbtem, the system performance is
demonstrated with 16QAM data modulation and 20kierfi length. 60GHz
millimeter wave is successfully generated and doamverted to the 1GHz IF band

without IF signal fading.

Keywords: millimeter wave, self heterodyne, IF signal fadib$sB-SC, fiber-optic

transmission, chromatic dispersion, fiber ambidfeicg, thermo-optic effect



|. Introduction

Future wireless access to broadband networKkspwilvide the user both high-
speed data and enormous bandwidth [1]. The frequieaicd around 60GHz will be
a promising and reasonable candidate to the aocets®rk [2]. As shown in Figure
1-1, various wireless services such as interactivatimedia service (IMS),
intelligent traffic service (ITS) and broadband rtebservice will allocate the
frequency band around 60GHz or the millimeter waard in the foreseeable future.
At this frequency band, however, the charactegstfowireless channels are so harsh
that the designer of the network architecture shaansider the micro/pico cells.
Moreover, the smaller the cell size is, the momaate antenna units (RAUS) are
needed to cover large service area with radio acces

In the view of economics, of great importancéhis compact and cost-efficient
RAU, which enables the fast deployment of brand-neghnologies [3]. And the
signal loss and attenuation during the transmisbitween the central station (CS)
and the base station (BS) should be as small asbpeslt would be just the thing to
use the optical fiber links for high capacity amaviattenuation. As can be seen in
Figure 1-2, optical generation and transmissiothef millimeter wave over optical

fiber links is mandatory and several techniquesHagen proposed since the 1990s

[41-[9].



The fiber-optic transmission links, however, éawvany detrimental factors to the
signal qualities. Chromatic dispersion, polarizatimode dispersion (PMD), laser
phase noise, amplified spontaneous emission (ASEgnfiber ambient effects, and
fiber nonlinearities are the limiting factors toetlystem performances such as bit
error rate or signal to noise ratio. Some factensse the received signal to fade or
fluctuate with time in a phenomenological viewpoifihe phenomenon of the signal
fading can result in the increase of the bit erave. Thus, a variety of studies on the
detrimental factors of the fiber-optic links haveeh performed [10]-[13].

In this thesis, the fiber-optic optical millinegtwave system using optical self
heterodyne detection method is theoretically amalyzand experimentally
demonstrated. Before the analysis of the subjeetoptical self heterodyne detection
method is explained in chapter Il. Then, especifdbused on the fading of the IF
signal in the mm-wave systems, the origin and theti®n of the IF signal fading are
theoretically and experimentally analyzed in thaptbr Ill. Some conclusions are

presented in chapter IV.



Service Provider

Y 2y

Broadband Hotels,

. R , .
Wireless Networks Nletlasumnts High-speed

Wireless LAN

License-free

Data rate : 155M ~1.2Gbps
Coverage : 10m ~

Fiber-optic
Networks

Intelligent Traffic System

(ITS) Network - \ Wireless Personal

Area Network (WPA?«)

License-free
g Data rate : 155Mbps
\ B ™~ Coverage : 10m ~

Road-to-Vehicle
36-38GHz band

Vehicle-to-Vehicle
77GHz band

Figure 1-1 Wireless services using 60GHz millimetare



To fiber-optic
backbone network

T

Central Statio
(CS)

Fiber-optic
access network

Figure 1-2 Fiber-optic mm-wave wireless access akw



I1. Optical Self Heterodyne Detection M ethods

1. Basic Concept

In this thesis, 60GHz millimeter wave is optigajenerated by optical self
heterodyne detection method. Two phase-correlgtédab carriers, at frequencies f
and t that are offset by the desired millimeter waveyfrency, are generated in the
transmitter. These two optical carriers are trartsplothrough the optical fiber and
detected by a photodiode. By the square-law detect the photodiode, the desired
millimeter wave carrier can be generated. Fig. &fpicts the concept of the optical
generation of the millimeter wave by optical settérodyne detection method. The
name, self heterodyne, means that the up-conveositre IF data to the millimeter-
wave frequency band can be implemented not by iadditlocal oscillators but by
the beating of two phase-correlated optical casrier

For the generation of two optical carriers, thal-frequency laser transmitters
are required and can be implemented in various W&k In this thesis, lithium
niobate (LINbQ) Mach-Zehnder modulator (MZM) that can operateaagOGHz is
used. The transfer curve of MZM is shown in Fig2.2Fhe transfer function of

MZM is expressed by

| () =al,, cod (zgva)] (2-1)

us



where |, (t) denotes the transmitted intensity, the insertion loss,l;, the input
intensity, V(t) the applied voltage, an¥, the driving voltage. In the Eqn. 2-1,
V(t) consists of the DC bias and the AC modulating aligAccording to the DC
bias, there are three bias points as shown in Eig, which are minimum
transmission bias (MITB) point, quadrature bias JQPoint, and maximum
transmission bias (MATB) point, respectively. Irler to generate two optical carriers
for the optical self heterodyne method, the MZMdtdoe operated in the minimum

transmission bias point.
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2. Optimum Conditions for the Generation of Dual Optical
Carriers

For the generation of dual optical carriers tiick frequencies are offset by the
desired millimeter wave frequency, as mentionedviptesly, the MZM must be
operated in the minimum transmission bias point.tHis section, the optimum
condition for optical self heterodyne detection Imet is discussed theoretically with
focusing on the modulation efficiency.

The electrical field of the MZM output is expses by

Eo () =,y co{iv (t)Jei%t (2-2)
A,
where E_, (t) denotes the output field intensityg,, the input field intensity,

V(t) the applied voltageV, the driving voltage, andw, the optical carrier

frequency from the laser sourc#.(t) consists of the DC bias and the AC

modulating signal, and can be given by
V(t) =Vpe +V e COSWret (2-3)

where \bc denotes the DC bias voltagesdvthe RF signal voltage, andj- the
frequency of the RF modulating signal. In Eqn. 28 modulating signal is an

analog RF carrier.



Substituting Egn. 2-3 into Eqgn. 2-2,

Y w
E..()=E, CO{TDC + TACcosa)RF tJ cosw,t

m m

o b0} . T . [T
=E, [cos ZDC co{ ZAC COSWr J -sin ZDC su'( ZAC cosa)RFtH cosw,t

T 5
2

m 00
=B Cos—25 3 (7))

n=-—o0

S (™3,

)COSPRNcue t] cosw,t

m m
ZDC AC)cos[2n — 1wy t] coswit

- E;, sin >

m m
=E, cos ZDC Jo ZAC ) cosa,t

T o

: mr
-E,, sin Jl(%) CoS@, * Wi )t

Mo Jz(mrzAC ) COS@, * 20 )t

700 3,722 ) cos, £ 3k ) (2-4)

- E,, cos

+ E;, sin

+ [

where apyc =Vpc /V,, is the normalized bias levelap. =V /V,, the
normalized drive level, and),, ( Yhe nth-order Bessel function of the first kind.
From the last expression of Eqn. 2-4, the dkadtfields of the MZM output are
composed of fundamental-mode optical carrier aheérosideband modes which are
separated by the frequency of the drive RF sighta. normalized bias levelg .,
determines the operating point of the MZM and hasiqular interest wheno,. is

the value of 0, 0.5, and 1. Firstly, whem,. is O, all odd modes are suppressed,
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which is the case of maximum transmission biastp¥ithen a. is 0.5, this is the
case of quadrature bias point in which an opticarier is linearly modulated.
Finally, when ap. is 1, both fundamental-mode optical carrier anehnemodes are
suppressed and odd modes including first-modeerardre transferred, which is the
case of minimum transmission bias point. In theimimm bias point, fundamental-
mode optical carrier is suppressed and most optveer is transferred to the first-
mode sidebands, upper sideband and lower sidel&mdthis is the form of the
double sideband with suppressed carrier (DSB-S@j the DSB-SC enables the
dual phase-correlated optical carriers which areptable for the optical self
heterodyne detection method. For examplef i =30GHz under the minimum bias
point, two first-mode sidebands are separated I8H60 When these are detected in
a photodiode, 60GHz millimeter wave can be obtained

On the other hand, the intensity of the twotfirode sidebands depends on the
bias voltage level \(,.) and the RF signal voltage leveV{.). Since the bias
voltage level determines the operating point of Mi&M, it should be constant. If
necessary, a modulator bias controller which makesmnodulator bias point stable
can be used. Thus, the optimum condition that pies/the two first-mode sidebands

with maximum power depends on the drive signalagstlevel. More precisely, the

a
). Therefore,

power of the first-mode sideband is directly prdjporal to J, ( >

the optimum condition for maximum modulation eféiocy is determined when the

1* -order Bessel functionJ, (x ,)Js maximum.

11



n+2r
500=3 0™

= rir(n+r+1 (2-5)

With simple numerical analysis of Eqn. 2-3,(x is Jnaximum when the variable of

Thus, thatV,. =117V, is the optimum condition of the drive signal vgkslevel.
Since the modulator drive voltag¥ () has generally the range between 4V and 6V,
if assuming 5V, the RF signal voltage lev®l,{ ) is 5.85V which is equivalent to
25.3dBm of RF power. In conclusion, the drive RFplfier should be used in the
experiment because maximum output power of the gRabk source we have is

lower than 8dBm.

12



[Il.1F Sighal Fading

As depicted in Fig. 2-1 and discussed in chalpte¢he dual optical carriers with
IF data are generated in the central station (@8)teansported to the base station
(BS) over optical fibers. In the BS, the millimeteave (mm-wave) is generated by a
photodiode and radiated by an antenna. This mitemesave arrives at the mobile
station (MS) and is down-converted to the IF bapdte or more local oscillators.

The full-link experiment shows a critical profiehat the power of the donw-
converted IF signal periodically fluctuates, whishdefined as the IF signal fading in
this thesis. The phenomenon of the IF signal fadéndescribed in the first section.
And in the following section, the cause of the lignal fading is discussed
theoretically and experimentally. In the final sewt the solution for the IF signal

fading is suggested and demonstrated with 16 QAMala.

1. Full-link Experimental Setup
A. Central station

The experimental setup is shown in Fig. 3-1. generating 60GHz mm-wave,
30GHz RF signal, denoted Iby, , is used. In this experiment, the IF signal is the
1.5GHz RF carrier which does not include basebaatd dnd is denoted by, .
The RF mixer is used for modulating thg, with the f,- . After the mixing of the

two RF signal, a double sideband (DSB) signal cedteat thef, , =30GHz is

13



generated. The DSB sighal modulates the 1550nm @Walight in the minimum
bias point of the MZM. The CW light source is fedrh the tunable laser source. As
discussed in chapter II, the drive amplifier isgeld between the RF mixer output
and the MZM RF input for the optimum bias conditishich makes the output with
maximum power. As a result of the modulation in th&ZM, the six field

components are generated.

B. Fiber-optic channe

The fiber-optic channel is simply composed @& #ingle mode fiber (SMF) and
the erbium doped fiber amplifier (EDFA). The SMFshthe dispersion D=17
ps/nmkm and the length of 20km. The length of the fibptic link between the CS
and the BS will be as short as 20km or less in ttmatcell size is considered to be
very small. Therefore, the length of 20km is readxa for the system experiment.
However, the SMF which is used in this experimenbound to a fiber spool and
exposed in the air without any coating. So, the SMFR be affected by a variety of
environmental factors. On the other hand, the E¥-placed just rear of the MZM

for boosting the weak optical signal.

C. Base station

The base station (BS) consists of the 60GHzqaliotle (PD) and amplifier. The

millimeter wave detected by the PD is so weak inv@othat the 60GHz RF

14



amplifier is used. The 3dB gain bandwidth of the &fplifier is about 1GHz. The
BS in this experiment does not have any antennaaftiating the mm-wave. Thus,
the detected mm-wave is transported to the motateos through the rectangular RF

waveguide. The detected mm-wave is monitored irRRe&Spectrum analyzer.

D. Mobile station

In the mobile station (MS), the mm-wave is dovamverted to the IF band for an
additional processing. Since the IF signal is pyaRF carrier without data, there is
no additional processing. For down-converting tB&B8z mm-wave to the IF band,
the sub-harmonic mixer is used. The sub-harmonigemperforms the down-
conversion with 30GHz LO signalf(, ) which is fed by the RF source in the central
station. The down-converted IF signal is monitarethe RF spectrum analyzer. RF

phase shifter is placed in order to maximize thegyaf the IF signal.

15
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Figure 3-1 Experimental setup

TLS : Tunable Laser Source
MZ-EOM : Mach-Zehnder electro-optic modulator
EDFA : Erbium-doped fiber amplifier

PD : Photodiode
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2. Results of the experiment
A. RF phase shifter

In the experiment, the RF phase shifter is usetiaximize the power of the IF
signal because the phase difference exists inQ®H2 local oscillators between the
CS and MS. The 30GHz local oscillator in the Cfised to modulate the optical
carrier and make dual optical carrier which is satgl by 60GHz as discussed in
chapter Il. On the other hand, the 30GHz locallador in the MS is used to down-
convert 60GHz millimeter wave into the IF band. $aomonic mixer performs this
down-conversion process. Practically, only one 30Qbkcal oscillator is used
because the 30GHz RF source is shared in both @81&1 However, the phases of
the millimeter wave and the 30GHz LO signal in M& are not same because the
fiber-optic transmission. Therefore, the RF phdsées in the MS can compensate

for the phase difference and the IF signal is maech

B. IF signal fading

Fig. 3-2 shows the spectrum of the IF signal sehfrequency is lied on the IF
band. But the power of the IF signal fluctuateshviitne, which is defined as the IF
signal fading. The IF signal is completely fadedhwa time period. The period
depends on the time when the experiment is perfdranel the fiber length. Though
the dependence of IF band frequency and power whiepplied in the transmitter
or the bias condition which explains the degreehef suppression of the center

carrier in the MZM are examined, those parametaxe la little effect on the period

17



of the IF signal fluctuation. The period of thedignal fluctuation is shown in Table
3-1, 3-2, and 3-3.

Table 3-1 shows the result of the dependenéibaf length on the fading period.
As the fiber length increases, the fading periodghisrtened and the phenomenon of
the fluctuation makes worse the system performahable 3-2 shows the result of
the dependence of bias voltage on the fading peAodording to the bias voltage,
the suppression of the fundamental mode varies;wtauses the power ratio of the
fundamental mode and first mode to vary, too. Havethe condition of the bias
voltage does not have considerable effect on ttiedeperiod. Table 3-3 also shows
that the IF carrier frequency does not have infteean the fading period. From the
experimental results of the fading period, the &Emihe fiber length, the more effect

of fiber ambient conditions is observed.

18
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Fiber length

Bias condition

Period (s)

5km 5.4V (104.8/32.3) 5min., 5min., 4min,...
10km 5.4V (125.6/38.3) 150, 140, 160,...

20km 5.4V (100.9/30.1) 65, 53, 50, 60, 55, 52, 55, 55,...
25km 5.4V (71/21) PD=-2dBm 47, 58, 65, 57, 46, 51, 50, 54,...

Table 3-1 Fiber length dependence

Fiber length | Bias condition (suppression ratio) Period (s)
20km 4.9V (88/68) 49, 48, 48, 49,...
20km 5.0V (93.5/54) 51, 52, 51, 49,...
20km 5.4V (100.9/30.1) 51, 52, 55, 55,...
Table 3-2 Bias voltage dependence
Bias IF Freq. (MHz) Period (m) Detected IF Power Range
5.2V (163/50.5) 50 5,5,5, .. -52 ~ =75 dBm
5.2V (164/51.4) 100 5,5,4.5, .. -54 ~ -82 dBm
5.2V (162/50.8) 500 5,6, 6, ... -55 ~ =70 dBm

Table 3-3 IF carrier frequency dependence (fibegtle=20km)

20




3. Analysison the |l F Signal Fading

As discussed in the previous section, accortintpe environmental conditions
and other experimental parameters, the period efiRfhsignal fading varies from 1
minute to 20 minutes or so. And the power of theitihal fluctuates from -30 dBm
to -60 dBm or so. Coincidentally, the power is gdrin the same range if manually
adjusting the RF phase shifter. Therefore, the pimemon of the IF signal fading is
originated from the phase drift of the millimeteawe which is arrived at the mobile
station. This phase drift causes the phase diféerém the local oscillator between
the CS and the MS to vary with time, and the posfahe IF signal also varies with
time. The phase drift of the millimeter wave isigedt origin of the IF signal fading.
And the phase drift is closely related with therayes in the effective length of the
optical fiber. The real length of the optical fiderfixed to 20km in the experiment.
But, the effective length of the optical fiber camange if the refractive index of the
fiber varies due to the environmental conditionshsas ambient temperature, stress
and mechanical vibration. This variation of theeeffve fiber length causes the
arrival time of the millimeter wave to vary withnte. Thus, the phase drift of the
millimeter wave can occur in the system.

In this section, the phase drift of the millimetvave and the amplitude drift (or
signal fading) of the down-converted IF signal #Hreoretically analyzed. And then
the effect of the ambient temperature on the IFhaligfading is considered

theoretically and experimentally.

21



A. Theoretical analysis

Here, theoretically analyzed is the phase dfithe received mm-wave signal in
the BS and the IF signal fading in the MS. It skido# stressed that the signal fading
occurs not in the mm-wave band but in the IF baxssuming that fiber dispersion
effects such as chromatic dispersion and poladratmode dispersion are
compensated, the 6 field components after the filamsmission of the length L are

expressed as follows.

GLm(t)
E," (1) = Al ) = Ael@kb) = Aej( — i=1,2, ... 6 (3-1)
In Eqn. 3-1, &) is the carrier frequency.
W =W, ~Wo ~ We
W, =W, ~Wo
Wy =W, —Wo +We
Wy =W, * W ~ W
Wy =W, + W o
Ws =W, + Wi o + W (3-2)

k; is the propagation constant arggl=k,L means the delayed phase induced by

fiber-optic transmission. The refractive indem(t , iy the function of the fiber

ambient effects such as temperature change, meetatiess, vibration, and so on.

22



Therefore, the refractive index becomes the functibtime, i.e. a random variable.
Especially, ambient temperature effect is consifiénethe following subsection B.
The fact that the refractive index is not the cansbut the function of time is the
key to explain the phase drift of the mm-wave dralIF signal fading.

In the antenna base station, the above six fieldponents are detected by a

photodiode and 3 mm-wave components are obtainddgsted in Fig. 3-3.

23
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After photo-detection in the antenna base statlemthree mm-wave components are

expressed as follows.

172 (1)
=0(E,E, +E,E,) + O(E;E5 + E3E)

= 20A o A [cos@,t -3, +3,) +cosit — I, + )|

= ZXDALO/\F[co{w?t L@ —w)L m(t)j N Co{wﬁ L@ —w)l Bn(t)ﬂ

C C

Since w, ~w, =Wy - Wy =W — 2w,

(W —2w,)L Dh('[)j

=40A o Ar co{wﬁ +
c

=40A 0 A codwit + ;) (3-3)
lg” ()

=0(E,E, +E; E,) + O(E,Es + E;Eg) + U(E;Eg + E5E)

= 20 AZ [cos@yt - &, +3,) + cos@t — I, +33)]

+20 A%, cos@st -, +J,)

Since w, ~w, =Wy ~W; =Wy, — W, =2W,,,
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20, o L (t
=20(A +2A%) co{wgt —wLO—()j
c

= 20(A%, +2A% ) codwyt - @) (3-4)

s (t)

= O(E,E; +E, E;) +0(E,E; + E,Ey)

= 20A o A [COS(wnt — J, + 8,) + Cosit — &, + J,)]

(e, — )L m(t)) +Co{%t L (@ —ap)L m(t)ﬂ

C Cc

=2x0A o Ar {co{a)gt +

Since @ —ws =W, ~ W, = ~(We +20,6 ),

= 40A A, Co{a)gt_ (Wi +2wLo)|—m(t)j

C
=40A 0 A codant - @) (3-9)
wW; =206 ~ W
Wy =200,
Wy =206 + Wi &3-

In Eqn. 3-3, 3-4 and 3-5¢ (i=7, 8, and 9) is the delayed phase of the mmewav
and means the phase drift if the refractive ind€g, varies randomly with time. It

should be underlined that the power of the mm-wdaes not fluctuate though n(t)
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varies randomly. Only the phase of the mm-wavehsnged when n(t) varies with
time.

Now, the detected 3 mm-wave components areteatitarough wireless channel
and received by a mobile station in which these wame components are down-
converted by a local oscillator whose frequencthesmm-wave frequency2¢, ).

Then, the obtained IF signal is expressed by

Pe(t) = Po{co{wmt— (e +202|:_o)|- Dh(t)jJrco{wlFt_ (W —ZciLo)L Dh(t)ﬂ

2 L [h(t
= 2P, cos{—wLo ( )jm:o{a)lFt _ 2@ L (Y m(t)J
c c

=2P, cos{zw%l'm(t)j Gowet-a; ) (3-7)

In Egn. 3-7, g is the arbitrary phase noise and does not hawwo twith the IF

2w, o L [Nn(t)

signal fading. And co{
c

j determines the power of the IF signal and is

originated from the phase difference of the localiltators between the CS and the
MS as discussed previously. Evidently, the phafferdince results from the fiber-
optic transmission. If the refractive index vanigigh time, the phase difference also

varies and the power of the IF signal is to fluetuaith time, i.e. the IF signal fading

2w, o L [Nn(t)

j does
c

occurs. However, when the refractive index is cmmstco{

not mean the IF signal fading but the only powergbty.
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B. Ambient temper atur e effect

In a laboratory, the circulation of atmosphene gemperature change may have
some periods of several minutes according to tlve@mmental conditions such as
the time of a day, air pressure, temperature, anghs In this subsection, the effect
of ambient temperature on the IF signal fadingnalyed. Ambient temperature
changes may cause the fiber index to slightly wétl time and the phase difference
IS to have randomness.

Firstly, for the theoretical analysis, two coptse are defined. Thermo-optic
coefficient (TOC) is defined to explain the depamzieof the temperature change on
the refractive index variation. Conveniently, TO&hde expressed by dn/dT which
means the change of index when the temperaturedses by °C. The value of
TOC depends on the kind of the optical fiber.

Secondly, it needs to define the IF signal fgdimmctor. That is equivalent with
the ratio of the IF signal power when with and withsignal fading. This concept is
similar to power penalty, but is not the same thimghat the amount of the signal
fading is not constant and even varies with time.

Thus, IF signal fading factor induced by ambiemhgerature can be expressed as

follows.
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It is known that the refractive index of the praatiSMF changes approximately by

10°~10"° if temperature changes byQ [15]. For example, Fig. 3-4 shows the
simulation result with increasing the temperatuﬂeew%:lo‘6. In Fig 3-4a,

when f o is larger, IF signal fading occurs severely. Ang. B-4b shows that the
IF fading appears more strongly when the fiber flerig) longer.

Finally, the simulation results are experimdgtakamined. The method of the
experiment is qualitatively performed because tasd to measure the temperature
of the optical fiber and the entire fiber of 20kancnot be heated uniformly, that is
to say, only some parts of the fiber can be hedtbds, the experimental result is
compared only qualitatively with simulation resuExperimental setup is similar to
one as shown in Fig. 3-1 but at this time, therfiseheated with common hair dryer.
This heating device increases the temperatureeobpical fiber by several degrees.
The result of the monitoring spectrum analyzer shdtat the IF signal power
fluctuates with full range from maximum (-30dBm)rtonimum value (-60dBm) in a
half second. The period of the IF signal fading assiderably shortened to a half

second in comparison with several minutes in cds®additional heating process.
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To protect the optical fiber from overheating, fiter is heated for only 10 seconds.
Although some parts of the optical fiber is heatbd, IF signal fading occurs rapidly
in time period. These experimental results show #mabient temperature changes
can induce the change of the effective fiber lengiid this change of the effective

fiber length is the cause of the phase drift whigtults in the IF signal fading.
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Figure 3-4 Fiber ambient effects induced fadingdaof the IF signal
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4. Solution for the | F Signal Fading

The received mm-wave signals are expressed by Beh. 3-4, and 3-5,
respectively. If applying the RF bandpass filtePEB centered at the frequency of
the upper sidebandw, =2w, o +w , both components ofw, and w, are
removed and only theu, component is remained. It is the case that thegéma

components are completely removed. In that case, E@ns rewritten by

Pe(t)=PR, CO{CU“:I _ (we +2w,5)L Dh(t)j

(3-9)

c

Although there exists the phase noise, the termnolf signal fading are removed.
The phase drift of the received mm-wave due tditiex-optic transmission does not
affect the amplitude of the IF signal but the phd&sentually, the RF BPF removes
the phenomenon of the IF signal fading by filterinthge components of the mm-
wave. Even effective length changes of the optidsrfis no problem to the IF
signal. The clock recovery circuit after the phatole, of course, can be the solution
for the IF signal fading, but the circuit operatioger 60GHz band is practically and
economically not the case for the solution. Thhe, RF BPF is the best solution for
the IF signal fading problem. The phase noise énBfn. 3-9 can be settled down by
using a clock recovery circuit operating at thebénd, 1GHz or below, which is

manageable band for implementation. In conclusibe,use of the BPF at 60GHz
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mm-wave band removes the IF signal fading problem #he use of the clock
recovery circuit at IF band settles down the phemsse problem of the IF signal.

To vindicate the effect of the BPF on the IF sigiading, the experiment is the
same as Fig. 3-1 except the 60GHz BPF after théodlomle. Since the usable BPF
in the laboratory has the center frequency of 60GHe frequency of the upper
sideband should be 60GHz. Thus, the LO frequencgigo 29.25GHz and the IF
frequency to 1.5GHz. In briefw, = 2w, - we =57GHz, w; = 2w, o =585GHz,
and wy = 2w, +we =60GHz. In this frequency band scheme, only the upper
sideband is successfully filtered. Fig. 3-5 shote $pectrum of the detected mm-
wave signals right after the photodiode and theaRlifier. Due to the RF amplifier
whose gain bandwidth is centered at 60GHz, the itudpl of the upper sideband is
larger than any other components. Fig. 3-6 showssgiectrum of the detected mm-
wave signals after the 60GHz BPF. Certainly, theengideband only remains in the
spectrum. With all considerable lapse of time, [thgignal fading phenomenon does

not appear to the spectrum analyzer.
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5. System Demonstration

As discussed previously, the simulation of sigading and the experiment of
the system prove that the fiber-optic mm-wave systan operate stably despite the
phase drift due to the fiber-optic transmission antbient conditions. Finally, the
system is demonstrated with the IF data using 16Q@&Madrature Amplitude
Modulation) baseband modulation. This IF data islatated with the IF band carrier
of 1GHz. The IF data and carrier are mixed with2B6GHz LO carrier. Evidently,
the frequency band of the mm-wave is twice the L@iea 59GHz. In detail, the
experimental setup is shown in Fig. 3-7. To mingnilze distortion in the RF mixer,
30GHz BPF is used in the central station. The pafiéff source and LO source is -
20dBm and -12dBm, respectively. Fig. 3-8 shows dpectrum of the RF carriers
which are composed of the LO carrier in 29.5GHz amal IF sideband carrier in
28.5GHz and 30.5GHz. Due to the 30GHz BPF, the i®ssdeband of IF carrier in
28.5GHz is attenuated as shown in Fig. 3-8a. TREsearriers are modulated in the
MZM and transmitted through the SMF of 20km lendth.the start point of the
fiber-optic transmission, EDFA amplifies the opticalriers. After transmission, the
optical carriers are detected by a 60GHz photodeg amplified and filtered in
order to reject the center carrier and lower siddlz the detected mm-wave. Fig. 3-
9 shows the spectrum of the 60GHz band whichistludes the 16QAM data. After
that, the only remained component in 60GHz is doomverted by mixer to the IF

band. Fig. 3-10 shows the spectrum of IF band. Thisignal is inserted to the
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vector signal analyzer and the result of the trassion of the entire link is
demonstrated by error vector magnitude (EVM). ThavEsult is shown in Fig. 3-
11. And signal constellation and eye pattern ase ahown in Fig. 3-11. From the
results in Fig. 3-11, the system performance caassemed to be very stable. EVM
IS measured to 5.53% and SNR is 23dB. The entite dinthe millimeter wave

system is successfully demonstrated with the re$dt53% EVM.
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Figure 3-7 Experimental setup with 16QAM data

TLS : Tunable Laser Source

MZ-EOM : Mach-Zehnder electro-optic modulator

EDFA : Erbium-doped fiber amplifier
OBPF : Optical Band Pass Filter

PD : Photodiode
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V. Conclusion

In this thesis, the fiber-optic millimeter wawystem using self-heterodyne
method is demonstrated by theory and experimeng. diitire link of the system
includes central station, fiber-optic channel, bstsion, and mobile station. In the
central station, the dual optical carriers whosegdencies are separated by the
desired mm-wave frequency are generated. The dipc- channel is composed of
the 20km SMF, EDFA, optical bandpass filter, andiagbtattenuator. In the base
station, the dual optical carriers are detectedabphotodiode and mm-wave is
generated by the optical self heterodyne detectiethod. This optically generated
mm-wave is down-converted to the IF band by a losalllator in the mobile station.

In the system described above, this thesis igigtsl the phenomenon of signal
fading in IF band which is theoretically analyzedlli.3. If considering the practical
length of the fiber-optic channel is less than 2pknis assumed that the chromatic
dispersion and the PMD do not have great influestc¢he signal quality. Thus, the
environmental conditions can cause the effectivgtle of the optical fiber to vary
with time. Because of the effective fiber-lengttanges, the phase difference between
the central station and the mobile station beconasfixed but arbitrary, and the
phase drift which is the direct origin of the Il fading occurs. To reduce the IF
signal fading, it is necessary to reject the imagmponents by using 60GHz BPF or

adopt the additional clock recovery circuit aftee fphotodiode in the base station. In
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the chapter 111.4, the 60GHz BPF is selected far $blution of the IF signal fading
because the clock recovery circuit operating atl6dBand is not practical.
In the chapter I11.5, the fiber-optic millimeter wa system is demonstrated with the
60GHz BPF after the photodiode and 16QAM basebaodutation. To evaluate the
performance of the system, the EVM factor is intreed and has the value of 5.53%.
In conclusion, the fiber-optic 60GHz millimetaave system using optical self
heterodyne detection method is successfully demetest with adoption of the
60GHz BPF. The origin and the solution of the Ifnsi fading problem is
theoretically and experimentally analyzed. The granince of the system shows the
5.53% EVM result and the signal constellation ape pattern of 16QAM data also

show the error-free transmission results.
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