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Abstract: This paper presents numerical modeling of noise and digtodf semiconductor lasers subject to two-tone modulation
for use in the cable television (CATV) systems. The wavefaimthe laser signal is simulated over wide ranges of the nadidur
index and placements of the modulation channel. The poweetapn and the frequency spectrum of the relative intensiige
(RIN) are characterized, and the associated second-oasteronic distortion (2HD), and the second-order (IMD2) ahidtorder
intermodulation distortions (IMD3) are calculated. Thdcotated data are used to predict the measures of the CATYersys
performance. The dynamic range of linearity of the lasevéduated in terms of the spurious free dynamic range (SFI2)show that
under weak modulation, the low-frequency RIN is constanilé8 dB/Hz regardless the modulation frequency. Withis #icepted
noise level, IMD2 is 4 dBm higher than 2HD and 10 dBm highentidD3. When the modulation index exceeds 25%, the lasersemit
clipped signals associated with large values of signabdisns. Accepted noise and distortion values correspomolter modulation
index and /or modulation channel frequency.

Keywords: Distortion; Intensity modulation; CATV; Semiconductosé.

1 Introduction nonlinear distortion products in the modulated laser
signal 3].

As the light-wave technology has begun to penetrate The main distortion types are the harmonic distortions
closer to the subscriber, there has been an intensivéHDs) and intermodulation distortions (IMDs). While HD
interest in the cost-effective transmission of TV signalsis a single-tone distortion product, IMD is a multi-tone
[1]. The optical transmission technology was introduceddistortion product induced when two or more signals are
to the CATV systemZ]. The analog CATV system using Present at the input of the laser. Analysis of several
semiconductor laser diodes (SLs) has great advantages &§mulus tones can become very complex, so it is a
to cost, compatibility with existing equipment, and signal common practice to limit the analysis to two tones. When
quality [1]. These are the most important criteria in the the laser is modulated with two frequencigsand f2, the
directly modulated optical fiber link<]. 2"9_order intermodulation products wou'ld occurfat- fa
However, directly modulated SL introduces high ahd f2 — f1, whereas the '-order intermodulation
intensity noise and nonlinear distortions due to itsProducts occur at 8 = fo and 2 + fy [5]. IMD3
inherent characteristics3f4], for instant the nonlinear detérmines the SFDR of the laser diode, which is defined
carrier-photon resonance, which limit the transmissionaS the power difference between the signal and the noise
performance of SLs. When the SL is directly modulated floor when the IMD3 power is equal to the noise flo6}. [
by RF signals and even if the lasing power changes In CATV systems, it is essential to minimize the noise
linearly with the injection current, there exist intrinsic and distortions to enlarge the channel capacity and
nonlinear fluctuations of the electron and photon densitiesncrease the picture quality’]l Figures of merit in the
in the active region. These nonlinearities produceCATV technology include the carrier-to-noise ratio
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(CNR), composite second order (CSO) and compositgosition of the modulation channel. We show that when
triple beat (CTB) distortions. CNR should exceed 50 dBcm < 20%, RIN is almost constant at -168 dB/Hz and CNR
[1,8,9] in order to avoid the interference of noise with the increases from 55 dBc to 80 dBc due to an increase in the
signal, or the so-called "snow” that can overwhelm the fundamental amplitude. Under stronger modulation, the
picture resolution and contrasi(]. CNR is strongly signalis clipped, and all distortion types increase with th
influenced by RIN of the source laset1[12,13,14,15]. increase in the modulation index and /or modulation
Brillant [8] and Darcie et al.g] showed that RIN of -155 channel frequency, which predicts an increase in the CSO
dB/Hz or better is required to improve the CNR, whereasand CTB distortions in multichannel systems.
other researches confirmed that it should be less than -160
dB/Hz [16,17].

On the other hand, degrading CSO below -60 dBc and? T heoretical M odel
CTB below -65dBc 2,18] cause the TV picture to appear
by undesired tilted linesg[10]. CSO and CTB can be The dynamic behavior and modulation characteristics of
measured indirectly by the two-tone test by summing allSLs are modeled by the following pair of rate equations of
second and third order intermodulation distortion the photon densitg(t) and injected carrier density(t)
products falling in a certain channel, respectivelg,1§]. ~ with modulation currenk(t) [19]
Lu et al. [12] confirmed that the reduced 2HD/IMD3

values subsequently improve the CSO/CTB values. A d_S: wg(t)_@JrMH:Sm (1)
typical problem in the design of a CATV system is to dt 1+eS(t) Tp Tc

optimize the values of CNR, CSO and CTB

simultaneously 4]. While the modulation index is d_N = @_E —Mat)jtﬁ\l(t) )
preferred to be as large as possible to reduce the negative dt eV 1+eSt)

impact of the laser RIN 4,8,11], it should be whererl is the confinement factol, is carrier density
fundamentally limited to avoid the nonlinear distortions at transparency is the fraction of spontaneous emission
[4,7,10). When the modulation current exceeds the lasernoise coupled into the lasing modgw, is the differential
threshold, it induces signal clipping1, 13,14,15]. gain coefficientg is the nonlinear gain compression factor,

The channels position is another important issue forr, is the photon lifetimerc is the carrier lifetime an¥ is

the quantification of the distortion effects. Ackemn et al the active layer volume. The output pow(t) is related
[17] confirmed that high-frequency channels suffer to the emitted photon densigft) through the relationship:
greater distortion than lower-frequency channels. Helms

[18] showed that both IMD2 and IMD3 increase with the P(t) = vnv t) ()
increase in the modulation frequency reaching a 2l Tp

maximum near the relaxation oscillation frequency. wheren is the deferential quantum efficiency, is the
Therefore, allocating a balance range between laser nOisgptical frequency andh is the Planck’s constl’mt The
and nonlinear distortion products is necessary for benefnjection current (t) is given by: ’
performance of the directly modulated CATV systems '

[4]. () = lp+ Im X ¥in(t) (4)

In this paper, we introduce comprehensive simulations . ) ) .

of the laser noise and nonlinear distortions modulated byVherelp is the bias currenty, is the modulation current,
arbitrarily placed two-adjacent frequencies according to@nd represents the shape of the electrical current signal. |
the standard National Television Standards Committedhe two-tone modulation of the analog NTSC system, two
(NTSC) plan for the CATV signal transport. We sinusoidal carriers of frequenméﬁq and frp (50 - 550 _
investigate the optimum range of the modulation indexMHz) at bandwidth for each 6 MHz is generated according
that corresponds to low noise, high CNR and low !O: ] i
distortion products. We discuss the relationship of the Hn(t) = Asin(2rtfm) + Asin(2mfre) (5)
simulation results with both CSO and CTB distortions, whereA is the amplitude. The modulation inder) is
which help CATV system designers to choose the optimaldefined as§)
operation conditions with high-signal quality. This study AXlm

is based on numerical integration of the rate equation = Iy x 100 6)
model of SLs under two-tone modulatiofd. The last termsks and Fy in rate Eqgsl and 2 are

. We.newly charactenze the two-tone modulated I"’}SerLangevin noise sources with zero mean values, and are
signal in both the time and frequency domains. The UMe5dded to the equations to account for intrinsic fluctuations
domalln charact.erlsucs_ |ncl_ude the wavclaform.and theof the laser 20]. The spectrum of RIN is defined as the
associated nonlinear distortion product§, including .ZHD’Fourier transform of the auto-correlation functions of the
IMD2 and IMD3. The frequency domain characteristics signal powelP(t):

include the power spectrum and the associated RIN as '
well as CNR. We also calculate the SFDR of the

1 o -
o+ jor
investigate laser diode and elucidate its relation to the RIN = = ./0 OP(1)oP(t+T)e™dr (7)
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wherew is the Fourier angular frequency. For integration 2f, 4 f; are out of the band. The CNR and the distortion
of the rate equations over a long time peribdRIN is products 2HD, IMD2 and IMD3 of are evaluated from
calculated asq1] this figure as follows. We calculate the fast Fourier
transformation (FFT) of the modulated signal, and pick
up both the fundamental amplitude dfy (the TV
channel’s visual carrier) and the noise floor in specified
bandwidth centered within the cable television channel.
CNR (in dBc) is then calculated as the difference between
both power levels in decibels dB1,l1]. The peak
amplitudes of the fundamental carrier and the higher
harmonic products are recorded. Then the difference
between the peak of the"® order harmonic and the
carrier level represents 2HD, whereas the differences
between the distortion peaks of the second afido&der
intermodulation components and the carrier level measure
AMD2 and IMD3, respectively.

1 1 /7T ot
RIN:?{?/O [/0 SP(t)3P(t + )& dr]dt}
1.1 T jwt 2 (8)
:E{?% SP(t)el“Tdr |2}

3 Calculation procedures

Rate equations1] and @) are numerically integrated
using the #'-otder Runge-Kutta method using a fine time
step of At ~ 5 ps. The time trajectories &(t) andN(t)

are evaluated over long period expending more than 51
cycles of periodly = 1/ fm. The power spectrum(w) of
the laser output is calculated from the time traject(ty)

by using the FFT o§(t) as 0.

p(w) = \/?IFFT(S(U)I (9)

In this calculation, the longer half of the time The noise sources that limit the total CNR include
trajectory ofP(t) is considered, which ascertains that the thermal noise and shot noise in the optical receiver, and
laser transients are discarded and the laser output i§® RIN of the laserg]. Analog lasers should be chosen
stabilized p2]. The values of the parameters used in theOn the basis of optimum RIN1[,12,1314,15. We
calculations are defined in tably( These parameters characterize the laser noise in terms of the spectral
stand for Distributed Feedback (DFB) lasers. Thecharacteristic of RIN and its level in the low-frequency
simulations are done by settig andA at fixed values 'egime, LF-RIN. In figure Z), we plot the LF-RIN level
and varying the modulation currefmh. as a function of the modulation index. The laser is

modulated by the two frequenciég; = 367.25 MHz (ch.
48) and fp = 37325 MHz (ch. 49). The three insets

(a)-(c) are plots of the frequency spectra of RIN at three
Table1: Values of DFB laser parameters used in the calculations gjistinct indices m = 10% (weak modulation), 35%

4 Results and Discussion

4.1 Noise characteristics

Symbol  Definition Value (intermediate modulation), and 80% (strong modulation).
A Wavelength B5nm As shown in figure®), LF-RIN is almost constant at -168
Vv Active layer volume 15x10~-10¢cnB dB/Hz whenm < 20%. In this case, inset (a) shows that
n Quantum efficiency @ the RIN spectrum is characterized by two sharp peaks at
J0 Differential gain coefficient Fx10 16¢cn? the two closed frequenciefy and frp. The spectrum

No Carrier density at transparency .0g10"cm3 displays also a peak at the relaxation frequency of the
r Mode confinement factor 0 laser, f, = 4.7 GHz. The low-frequency part of the
Tc Carrier lifetime 10x10_gs spectrum is almost flat (white noise) at LF-RIN = -168
Tp Photon lifetime Px10_128 dB/Hz. Whenmincreases beyond 20%, LF-RIN degrades
B Spontaneous emission factor .0810_g to higher values. Whem = 35%, the LF-RIN reaches the

€ Gain compression coefficient  x10~17cm? threshold acceptable LF-RIN values,—155 dB/Hz

a Linewidth enhancement factor 5 according to 9,11]. Inset (b) shows that that the RIN
lth Threshold current 385mA spectrum has sharp peaksfat and f,p as well as their

Ib Bias current 6MA

Figure () depicts a typical simulated scheme of the
modulation response of the laser

higher harmonics, which indicates existence of harmonic
distortion. The further increase m induces much more
degradation in the LF-RIN level. Inset (c) shows a
chaos-like RIN, which is manifestation of the completely

under two-tonedistorted signal in this case of strong modulation,

modulation. The second order intermodulation productsm= 80%. These noise characteristics are in qualitative fit

occur at f; + fo and f, — f;, whereas the third order
intermodulation products occur aff2t f, and 2f, + f;

[5]. We calculate the nearest products to the interested

two channels, where the componefis- f,, 2f; + f, and

with the results predicted by Ahmed et aR3] for

single-tone modulation of laser diodes.
In figure @), we plot variation of the LF-RIN in the
regimes of weak modulationm( =5, 10, and 20%),
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Fig. 2. Variation of LF-RIN with modulation indexmn under channel 48 with 49 with the simulated spectra of RINifierént
modulation conditions. The LF-RIN degrades as m increase.

intermediate modulation n{ = 35%) and strong plots variation ofCNRgn (CNR degradation due to laser
modulation (h = 80%) with the channel frequendy;. noise) with the modulation index. The plots correspond
We vary sub index between 61.25 and 547.25 MHz (ch. 3to ch. 48 fn = 367.25 MHz) and ch. 49ff, = 373.25
to ch. 78) in order to cover the frequency band of theMHz). We illustrate the relation between LF-RIN and
NTSC frequency planl[1]. As shown in the figure, upto CNRgn by plotting the variation of LF-RIN with m on
m = 20% LF-RIN is constant at -168 dB/Hz regardless the right-hand side axis of the figure. The figure indicates
the value off,y. Whenm = 35%, the LF-RIN is higher that the variation o€NRgn with mis reverse to that of
and varies withf,y, but it is still within the range of the LF-RIN with m. This effect is consistent with the
threshold acceptable values. When = 80%, the assumption by Ahmed et al24] that LF-RIN is an
degradation in the LF-RIN level becomes as high as -8Ginverse measure to the signal to noise ratio of the signal.
dB/Hz, it varies within~ 10 dB/Hz with the variation in  The figure shows that up tm = 20%,CNRg|n increases
from 55 dBc to 80 dBc, which corresponds to an increase
only in the fundamental amplitude because the noise level
It is interesting to examine how the laser intensity js constant. This result agrees with measurements]in [
noise causes a negative impact on the CNR. Figdye (

fm]_.

(@© 2015 NSP
Natural Sciences Publishing Cor.



Int. J. New. Hor. Phy<2, No. 2, 37-45 (2015) www.nhaturalspublishing.com/Journals.asp

T T T T T
-60 4 )
T 80% ]
N 801 g
g
100 J
3 T
N
= 120 g
2 £
W -1404 ] % 304
- 35 % & 20
1601 1w =5,10 ,20%
T T T T T
100 200 300 400 500

Channel modulation frequency fm (MHz)
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Fig. 4: Relation between LF-RIN ardNRgy under variation of

m at channels 48 with 49, Fig. 6: Relation betweel€NRgn and LF-RIN under variation

of modulation frequency,y whenm= 35%. TheCNRg\ levels
are degrading afy, increases beyont}y; = 205.25 MHz (ch 12).

for a directly modulated 1310 nm DFB laser diode when

m < 15% at constant LF-RIN (-150 dB/HzCNRgiN As shown in figure ), which plotsCNRgn as a

starts to degrade whem > 20% and LF-RIN> —168 function of f;y whenm= 35%, theCNRgn iS maximum

dB/Hz, which in fair agreement with the reports 25]. for ch. 12. This figure shows also that for channels below

When m reaches 45%, tf@&NRrn degradation becomes ch 12,CNRgjy improves due to improvement in LF-RIN.

too much enhanced. We can summarize this simulatiorAs a numeric examplé&GNRg N increases from 57 dBc to

results as that, whem < 20% the laser intensity noise is 74 dBc because LF-RIN improves from -155 dB/Hz to

not the dominant noise contributor to CNR. -162 dB/Hz whenf,y increases from 61.25 MHz (ch. 3)
Figure 6) compares the relation betwe€NRyy and  to 205.25 MHz (ch. 12). At high-frequency channels,

m for three modulation channels; namely, ch 12 with ch. CNRgin degrades due to the increase in LF-RIN. As a

13 (fru = 205.25 MHz andfyp = 211.25 MHz), ch. 48 numeric exampleCNRgy degrades from 74 dBc to 67

with ch. 49 (f,y = 367.25 MHz andf,p = 373.25 MHz)  dBc because LF-RIN increases from -162 dB/Hz to -156

and ch. 78 with ch. 79f(y = 547.25 MHz andfyp = dB/Hzwhen fqy increases from 205.25 MHz (ch. 12) to

552.25 MHz). All channels have qualitatively the same 547.25 MHz (ch. 78).

characteristics tha&@NRg n increases with the increase in

m up to a specific value for each channel, and then

degrades rapidly to unacceptable values. This specifidd.2 Nonlinear distortions

value of m increases with the increase in the channel

frequency. It is noted that the higher channel frequencieShe time and frequency domain investigations of 2HD,

haveCNRgrin values worse than those of channels with and both IMD2 and IMD3 wheriy; = 367.25 MHz (ch.

lower frequencies. 48) and frp = 373.25 MHz (ch. 49) fom =5, 25 and
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Fig. 7: Time and frequency-domain characteristics of the moddisignal under two-tondy =367.25 MHz (ch. 48) witH,» =373.25
MHz (ch. 49) whemm =5, 25 and 45%.

45% are plotted in figure7§. Figures 7)(a), (c) and (e) Figure (7)(c) shows that the increase in m up to 25%
illustrate the time domain presentations of the signals,causes the signal to deviate from the sinusoidal form; the
while figures 7)(b), (d) and (f) plot the corresponding signal varies continuously but is clipped and superposed
FFT power spectra, respectively. The time-domain figuresy sub-peaks from the relaxation oscillations of the laser
indicate that the modulated signal distorts whenever min each modulation period. In figurer)(e), both the
increases. Figurerj(a) shows that the laser signal varies clipping and overshoots are much stronger when m
sinusoidally with the time variation, which yields lowest reaches 45%, which corresponds to high noise levels
noise levels (-168 dB/Hz) as illustrated in figu®.(The  (-140 dB/Hz) as illustrated in figur@). These effects can
power spectrum of figure7f(b) has two pronounced be understood as follows. The relatively large valuenof
peaks atf = fy and f» (fundamentals) and other lower exceeds the threshold current of the laser, consequently
peaks at the higher harmonic and intermodulationthe input current drops below the laser threshold current,
components. The spectrum nearly does not display thevhich then results in nearly zero output optical power and
3rd order intermodulation products; only the®d2 signal signal clipping. Also whefi, < f;, the periodTy,
harmonic and ¢ intermodulation products appear. is much longer than the setting time of the relaxation
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oscillations (i.e., the time instant at which the oscitag  only whenm > 15% for the relevant channels. Figure
die), therefore with the instantaneous rise ug @§ the  (8)(b) confirms that as m increases, all of 2HD, IMD2 and
cycle duration becomes long enough to build up thelIMD3 increase. The present simulation results predict
relaxation oscillations in the signal. The power spectra ofincrease of both the CSO and CTB distortions with the
figures {7)(d) and {)(f), have also pronounced two peaks increase irm in multichannel systems, which agree with
at f = fy and fp (fundamentals) and other lower peaks the experimental results id[7,26]. Figure (7) (b) shows
at the higher harmonic and intermodulation products.also that IMD2 is 4 dBm larger than 2HD, which agrees
These nonlinear products carry more power @s  with the predictions in18,27], and is 10 dBm larger than
increases, which would lead to a decrease in theMD3 which indicates an increase in the CSO distortion
difference between the fundamental power levels anchigher than the CTB distortion as investigated by
consequently an increase in 2HD, IMD2 and IMD3. Yonetani et al. 26]. In figure ©), we characterize 2HD,
Figure @)(a) illustrates the influence ofm on the IMD2 and IMD3 when m = 22%. The figure plots
fundamental carrier power (assuming the two variation of these nonlinear distortions with the channel
fundamental carrier power levels have the same level) afrequency fyy. The figure indicates that all distortion
well as the nonlinear products. types increase monotonically with the increasefjn,
which predicts an increase in the CSO and CTB
distortions in a multichannel system. This effect agrees
with the experimental results in7[17]. The figure
indicates also that the IMD2 level is the highest, whereas
the IMD3 is the lowest over the entire range fgfi. The
insets of the figure plot the time and frequency domain
characteristics of the two-tone modulated signal at three
channel placements: ch. 3 with 4.4 = 61.25MHz and
fre = 67.25MHz), ch. 42 with 43f¢y = 331.25MHz and
fre = 337.25MHz), and ch. 78 with 79ff; =
547.25MHz andfyp = 553.25MHz). The insets show that
ch4g,49 | the modulated signal is more distorted and the distortion
% Harmonics s LzoiMHz products gain more power with the increase in the
fo™ 373.25 MHz modulation frequency among the selected modulation

-140 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 channels.

-20+

-40 4

-60 4

-804

Power (dBm)

-100 4

-120 4

4.3 Dynamic range
-20 The dynamic range of linearity of the laser is of
paramount importance for many analog modulation
applications. Even if the total lasing power changes
linearly with the injection current, intrinsic distortisn
draw power from the fundamental signal. At low
modulation indexm, distortions are still below the noise
floor. With the increase i, distortions rise above the
noise floor and grow faster than the fundamental signal.
-80 ———— T Thus, the power level that generates distortion with
0 5 10 15 20 25 30 35 40 45 50 . . . .

m % amplltyde equal to the noise f|OOI’. is the maximum !ev_el

for which the output is free from distortion. Hence this is

Fig. 8: Variation of (a) fundamental and nonlinear products, and the spur-free, or intermodulation-free, dynamic range

(b) distortions with modulation index at two-tone,fy,; =367.25 (SFDR) 27]. ) )
MHz (ch. 48) with frp =373.25 MHz (ch. 49). Under two-tone modulation, SFDR of the laser diode

is defined as the power difference between the signal and
the noise floor at the point when the IMD3 power is equal
The corresponding nonlinear distortions 2HD, IMD2 to the noise floor§]. That is, SFDR is the dynamic range

and IMD3 are plotted in figure8j(b). The modulation of the laser when operated at the optimal modulation
conditions are similar to those of figurg)( Figure g)(a) index m. Figure (0) plots the output power of the
shows that with the increase m, all harmonic products fundamental signal, IMD3, and noise floor versum the
increase and their differences with the fundamental levelogarithmic scale afyy = 367.25 MHz (ch. 48) withfyp
diminish. The harmonic products approach the=373.25 MHz (ch. 49). The noise floor used in the figure
fundamental carrier (highest distortion) whem~ 50%. is the LF-RIN, which is nearly constant at -168 dB/Hz.
The 39 order intermodulation products are pronouncedWe estimate SFDR by linear-fitting of both the

(dBm)

-30 4

.40

-50 4

Distortions
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=704
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order intermodulation power (3IM), and noise floor versus th
modulation indexm.

5 Conclusions

fundamental and the 3rd-order intermodulation powers a
well as the LF-RIN level. As shown in the figure, SFDR
is estimated to be 106 dBAZ, which is comparable to

$We introduced numerical modeling of the noise and
nonlinear distortions of semiconductor lasers subjeated t
) , ) direct modulation with two frequencies for use in the
the measured values |6,28]._Inf|gure @D, weillustrate  caTV systems. The two modulation frequencies are
the influence of the modulation channel frequerigy on placed according to the NTSC frequency plan of the
SFDR. foy_changes between 61.25 (ch. 3) and 547.25c ATy systems. The results showed that the RIN is almost
M.Hz (ch. 78). The figure shows that SFDR decreases.gnstant at -168 dB/Hz in the regime oh < 20%

with the increase ofy, and ranges between 131 and 102 regardless the value 6§, andCN R increases from 52

dBHZ*/® over the relevant range Gy . to 80 dBc for all channels due to an increase in the
fundamental amplitud€NRg n Starts to degrade when m
increases beyond 20% and LF-RIN increases above -168
dB/Hz. The further increase im induces much more
degradation in both the noise level and @& Rz Value
where the RIN has a chaos-like spectrum. In the regime
of weak modulation, the signal distortion is dominated by
2HD and IMD2. The 3rd order intermodulation products
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start to increase whemm > 15%. Under medium [19] P. J. Corvini, T.L. KochJournal of Lightwave Technology
modulation (n~= 25%) the signal is clipped, and the noise 5, 1591-1595, (1987).

level becomes too high (-140 dB/Hz). The increase in[20] M. Ahmed, International Journal of Numerical Modelling
2HD, IMD2 and IMD3 act as a robust predictor for high ~ and Simulation 17, 147-63, (2004).

CSO and CTB distortions. The modulated signal [21] M. Ahmed, M. Yamada and M. SaitdEEE Journal of
waveform is more distorted and the distortion products _Quantum Electrons37, 1600-1610, (2001).

gain more power with the increase in the channel[ZZ]TM-hAhlmedma';%gAélg"*”(‘ngo(gma' of Optics and Laser
frequency. SFDR is estimated to be 106 dBavhich is echnologyad, 6U9-6.29, ' .

comparable to the values reported in the literature. SFDRZS) M- Ahmed, N.Z. El-Sayed and H. lbrahinihe European

decreases with the increase of the channel frequency, arﬁ 4]P|\i)|ys:hari]i%urRalB[;?(?;lldF;l’ /glzt(L)j%Vzlr)ql M. Alghamdi and F

ranges between 131 and 102 dBHzover the relevant Koyama, Journal of the European Optical Society - Rapid
range of the channel frequency. publications 8, 13064, (2014).
[25] D. Hassin and R. Vahldieck|EEE Transactions on
Microwave Theory and Techniquet., 2376-2382, (1993).
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