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XaipeTiopog Aloiknt ZX0ARS NauTiKwyv AoKipwyv

KaAwaoopiloupe 10 4° TeUx0¢ TNG «NauaiBiou Xwpac» TTou avadelkvUel To £pyo TTou
emreAeital otn ZNA 6oov a@opd TiIG NauTikEG ETTIOTrAUEG.

2AMEPQ, OE MIO ETTOXI OIKOVOMIKWY KOl KOIVWVIKWY TTPORANUATWY n €kdoon Tng
«NauaoiBiou Xwpag» onuatodoTei TNV TpooTrddeia Twv Kadnyntwy g ZNA kal GAAwv
EKTTAIOEUTIKWY 10pUMATWY va dNPIOUPYROOUV UE TO £pYO TOUG BETIKEG TTPOCDOKIES Kal
EUTTAOUTIONO YVWOEWV TOOO OTOUG POITOUVTEG OTA AvVWTATA 2TPATIWTIKA EKTTAIdEUTIKG
IdpupaTa 600 Kal o€ OAeG TIG MNAVETTIOTNUIAKESG ZXOAEC TTOU QOXOAOUVTAl PE TOV KAGDO
Twv NauTikwv EmoTtnuwy. X10X0G TOUG €ival va EVNUEPWOOUV Kal va TTPOBAAAOUV VEEG
MEBOBOUG Kal €CENIYUEVES TEXVIKEG PBACIOUEVEG OE TTPOCWTTIKEG EPEUVES KAl AVOAUOEIG,
ME aTTOTEAEOPA TNV KOAUTEPN EKTTAIOEUOT) KAl ETTIHOPPWOTN TWV VEWV ETTIOTNHNOVWV.

Q¢ €k TOUTOU, XaIPETICW TNV TETAPTN €kdoon TnG «NauoiBiou Xwpag» PE TNV €UXN
va atroTeAéael éva VEO KivnTpo yia TAv €¢EAIEN Kal TNV TTpdodo TG NauTikng EmoTAuNG
1600 0TV EAAGSQ 600 Kal OTO £EWTEPIKO.

Ymrovauapyog I. Maiotpog N, Aioikntng 2NA

Welcome Address by the Commandant of
the Hellenic Naval Academy

We welcome the 4™ edition of the “Nausivios Chora” which illustrates the work of
the Hellenic Naval Academy concerning the Naval Sciences.

Nowadays, at a time of economic and social problems, the edition of the “Nausivios
Chora” underlines the effort of the staff of the Hellenic Navy Academy and other
Institutes to create with their work positive expectations and knowledge enrichment both
to the students of the Higher Military Educational Institutions and to other Universities
that are engaged with Naval Sciences. They are targeting to inform and display new
methods and sophisticated techniques based on personal research and analysis, in
order to educate and train the new scientists.

Therefore, | wellcome the fourth edition of the “Nausivios Chora” with the wish for it
to be a motive for the development and progress of the Naval Science not only in
Greece but also abroad.

Rear-Admiral I. Maistros HN, Commandant of the Hellenic Naval Academy
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Editor’s Note

"Nausivios Chora" is a scientific journal published since 2006 by the Hellenic Naval
Academy, the Institution that provides academic and professional training to the future
officers of the Hellenic Navy. The faculty members of the Hellenic Naval Academy are
devoted to the promotion of research and education on a broad range of scientific
disciplines.

"Nausivios Chora" is a biannual, peer-reviewed, open access journal that publishes
original articles in areas of scientific research and applications directly or indirectly
related to the naval sciences and technology. The scope of the Journal is to provide a
basis for the communication and dissemination of scientific results obtained in Hellenic
or International academic and research institutions that may present a relevance to the
sea element.

"Nausivios Chora" hosts articles belonging to various scientific disciplines and is divided
in five parts, namely Mechanical and Marine Engineering, Electrical Engineering and
Computer Science, Natural Sciences and Mathematics, Humanities and Political
Sciences and Naval Operations. The present 2012 Edition Issue contains 24 articles.

The International Advisory Committee members and the Body of Reviewers, all
acknowledged experts in their field of interests, cover a wide range of scientific
disciplines ensuring the integrity of the peer-review process and the academic
excellence of the published articles in a way that best represents the aims and scope of
the Journal.

Prof Dr Elias Ar Yfantis
Editor in chief
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Availability Investigation of Free Space Optical Links
with Time Diversity for Turbulence Channels Modeled
with the K-Distribution

A.N. Stassinakis, G.G. Chronopoulos and H.E. Nistazakis

Department of Electronics, Computers, Telecommunications and Control, Faculty of Physics,
National and Kapodistrian University of Athens, Athens, 15784, Greece
e-mails: {a-stasinakis;grigchronop;enistaz}@phys.uoa.gr

Abstract. The terrestrial free space optical (FSO) communication systems, are attaining
license free, high bandwidth access and security with low installation and operation cost.
On the other hand, their main disadvantage is the continuous variations of the
characteristics of the electromagnetic beam's propagation path, which is the atmosphere,
causing performance mitigation on system's availability and performance. A very
important phenomenon which induces these variations is the atmospheric turbulence. In
order to minimize its influence on the characteristics of the FSO links, many techniques
have been investigated and among them, the diversity techniques have attracted
significant research interest. In this work, we investigate the availability, by means of their
outage probability estimation, of FSO communication links which are using the time
diversity configuration, over strong atmospheric turbulence channels modelled with the K-
distribution. For this setup, we derive closed form mathematical expressions for the
estimation of outage probability for various atmospheric turbulence strengths. Finally, we
present numerical results for many cases with various turbulence strengths and time
diversity characteristics.

Keywords: K-distribution, Diversity Techniques, Atmospheric Turbulence, Outage
Probability, Wireless Optical Communication Systems.
PACS: 42.79.Sz, 92.60.hk.

INTRODUCTION

The terrestrial outdoor wireless communication systems which are using the optical
frequencies, i.e. the free space optical (FSO) communication systems, are combining many
advantages such as, license free, high bandwidth access and security with low installation and
operation cost, [1]-[4]. Obviously, the propagation path for the electromagnetic beam is the
atmosphere. Thus, any change of its characteristics causes performance variations. One of
them, is the atmospheric turbulence which represents a very significant availability and
performance mitigation factor [1], [2], [4]-[10], affecting both, intensity and phase of the optical
signal [11]. This phenomenon, for the case of a typical outdoor line-of-sight, point-to-point
optical link causes even rapid fluctuations at the irradiance of the signal at the receiver’s end. As
a result, the optical channel is showing randomly time-varying characteristics due to the so-
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called scintillation effect, [1], [2], [5]-[8], which are decreasing the FSO system’s availability and
performance.

In order to counterbalance the influence of the turbulence effect on the availability and
performance of FSO links, the diversity techniques have attracted significant attention by many
research groups [11]-[18]. This technique is used in RF communication systems and most of the
times is realized in space, in time or in wavelength. For the spatial diversity, [12]-[16], the optical
communication system uses multiple transmitters and/or receivers at different places which are
transmitting and receiving copies of the same part of the information signal. For the links with
time diversity [17]-[19], there is only one trans—receiver pair, but the information signal is
retransmitted more than once at different time slots. Finally, the systems which are using the
wavelength diversity, [11], [19]-[21], use a composite transmitter and the signal is transmitted at
the same time at different wavelengths towards a number of wavelength-selected receivers.

In this work we investigate the availability of FSO communication systems which are using
the time diversity schemes over strong atmospheric turbulence channels modelled with the K-
distribution [22]-[24]. For this point-to-point configuration, which consists of one transmitter and
one receiver, in each side of the link [18], [19], we study its availability by means of the outage
probability estimation for various atmospheric turbulence conditions. For the estimation of this
metric we derive closed form mathematical expressions.

The rest of this paper is organized as follows: in section Il we analyze the basic characteristic
of the FSO link with time diversity and we present the channel model. In section lll, we derive
the mathematical expression for the estimation of the outage probability while, in section IV we
present the corresponding numerical results and in section V we outline the conclusions.

SYSTEM AND CHANNEL MODEL

In an FSO link that uses time diversity schemes, the signal is transmitted in multiple copies,
M, in different time slots. Thus, every copy is transmitted through the same spatial channel but
with different turbulence characteristics each time due to the fact that it is a very rapidly varying
phenomenon. As mentioned above, this system is using only one transmitter and one receiver in
each side of the optical link. Hence, this procedure can be emulated as to send each copy in
different receivers at the same time, i.e. similar as a system with one transmitter (single input)
and multiple receivers (multiple outputs) - SIMO).

This link with time diversity can be described by using a binary input and continuous output
with intensity modulation — direct detection (IM/DD) and the modulation we use is on-off keying
(OOK). The channel is assumed to be memoryless, stationary with independent and identically
distributed intensity (i.i.d) fast fading statistics with additive Gaussian noise (AWGN). Thus, as it
is mentioned above, in order to model the FSO link with time diversity which is sending M times
each part of the signal, we assume that the FSO link can be studied as a communication system
with one transmitter and M receivers. Thus, the statistical channel model is given as [15], [18],
[19]:

y,=sx+n=nxI +n, m=L...M (1)

where y,, represents the signal arriving at the receiver, s,, is the instantaneous gain and is equal
to nl, where n is the effective photo-current conversion ratio of the receiver while I, is the
instantaneous normalized irradiance at the receiver, x is the modulated signal that is transmitted
and takes the values “0” or “1” and finally, n is the AWGN with zero mean and variance Ny/2.
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For the cases of strong turbulence conditions, the induced fading can be assumed as a
random process that follows the K-distribution [15], [22]-[24]. The corresponding probability
density function (pdf) is given as [23]:

1+b,,
)= P K 5.1, 2)

where K,(.) stands for the modified Bessel function of the second kind of order v, I(.) is the
gamma function while the parameter b,, is related to the effective number of discrete scatterers
[22]-[24].

The corresponding cumulative distribution function (cdf) for the K-distribution is calculated by
integrating (2) and concludes to the following expression [15], [23]:

. 1-b,
(bl )+T 21 2
F (I )=>mm) — G2 p | 3
() re,) 7| ""i=b, b,-1 1+b ©)
2 2 7 2

where G;”’[-] stands for the Meijer G-function, [25].

.q
Next, we define the instantaneous electrical signal-to-noise ratio (SNR) as
&, :(771,")2/NO :s;j/N , [10], [18], and the average electrical SNR as ,u:(nE[Im])z/N :
[10], [18], [26], where E[.] stands for the expected value of the normalized irradiance /,,. Using

the expressions of &, and u, in (2) and after a power transformation of /,, the pdf of K
distribution for &, is obtained in the following form [15], [23]:

()2 N 16b
-](‘um(ll’tm) = ;(b 2) §m1+bm Kbm—l (4 /J—mé:mJ (4)
m ,le 4 m

while the corresponding cdf of K-distribution has the following form [15], [23]:

( )1+bm ﬂ 1 - bm

b,)2 (¢ M 5 2

F = m Smo | G p | 2m 5

o (ém) F(bm) ( m ] . " lle 1 - bm bm - 1 _ 1 + bm ( )
2 27 2

OUTAGE PROBABILITY OF THE FSO LINK WITH TIME DIVERSITY

The above cdf can conclude to a mathematical expression for the estimation of the outage
probability of the FSO communication systems with time diversity, over turbulent channels
modeled with the K distribution. This metric, represents the probability that the instantaneous
electrical SNR falls below a critical threshold, &, which represents the receiver’s sensitivity limit
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and thus, it is a particularly important parameter for systems’ designing [10], [18], [19]. The
outage probability for each one of the M copies of the signal is given as [10], [18], [19], [27]:

P, =Pr(&, <&,)=F. (&,), (6)

In this section we will derive the expression for the outage probability of an FSO link when
the turbulence channel is modeled by K-distribution and the system uses time diversity. Due to
the independence of outage probability of each copy of the M copies of the signal that will be
transmitted, the outage probability of the FSO link can be estimated as [12], [18], [19]:

Pout,M = HZ[:I Pr(S, <&,) = Hf\;{:ng (&) (7)

Thus, from (5) and (7) we conclude the following finite product for the estimation of the
probability of error for the FSO time diversity scheme over strong turbulence conditions:

1+b,, 1+b, 1- b’"
Mlp2 (£ )4 Sl 2
P = m_f 20 GH b 2 8
out(gth) ],;;Il: F(bm)(ﬂm] 13 i l_bm bm_l _1+bm ( )
2 2 7 2

The above expression, i.e. Eq. (8), can be further simplified by taking into account that the
FSO link is using time diversity. Thus, in this scheme, as mentioned above, is using only one
pair of trans-receiver in each side of the optical link and as a result, the spatial propagation path,
for all the copies of the information signal, is the same. Thus, we can assume accurately, that
the value of b, of Egs (4) and (5), as well the average electrical SNR, u,, remain, practically,
invariable for all the M transmitted copies [18], [19]. Hence, in (8) we can assume
b=b1=b2=...=bM and H=H=U2=...= Uy, AS We”, [1 8], [19]

Using the above assumptions the expression of Eq. (8) results to the following closed form
mathematical expression for the estimation of FSO system's availability through the estimation
of its outage probability for strong atmospheric turbulence channels modeled with the K-
distribution:

M
b 1+b 1-b
2 4 T,
P =| Lo | Gl p |on 2 ©)
rp)\ u ’ pll=b b-1 1+b
2727 2

It is important to mention here that the expression (8) can be used for many types of diversity,
such as spatial, wavelength, etc, while the expression (9) stands for the time diversity scheme.
Additionally, this expression, i.e. Eq. (9), estimates the total probability of outage of an FSO link
with time diversity over strong turbulence conditions. It is worth mentioning here that this result,
i.e. Eq. (9), generalizes the expression of the outage probability of the single FSO point-to-point
link without diversity, obtained in [23].
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NUMERICAL RESULTS

Using the mathematical expressions obtained in Egs (8) and (9), the outage probability
estimation of an FSO link with time diversity under strong atmospheric turbulence conditions
modelled with the K distribution, is feasible. By studying quantitatively these expressions it is
clear that this technique improves the system's availability without need of extra trans-receivers,
in each side of the FSO links. On the other hand, due to the finite bandwidth of the channel and
the one and only spatial propagation path, the performance of the link is decreasing, as shown
in [18], [19], [28]. Thus, in order to design an FSO link with time diversity, in practice, we should
choose the correct diversity strength, i.e. the value of M, according to the requirements of each
FSO link.

10'1_ iK*a\‘E‘ Tl ——— i
) T . i‘l\-ﬁ“k\
S0t ~ ]
o
Sl
P 4
] s J
@ 10
3
= 5
oRTN |
— M=l :
10" —— ' M=3 o
- M5
- :M=10] | b=1

o 2 4 6 & 10 12 14 16 18 20
Normalized average electrical SNR (dB)

FIGURE 1. Outage probability, P, of an FSO link with time diversity, modeled with the K-distribution,
versus the normalized average electrical SNR, u/&,, with b=1 and various values of time diversity
parameter M.

In this section, we present the availability results for the FSO links with time diversity, using
the extracted mathematical expressions of Eq. (9). The important parameters of the FSO link
which are modelled with the K distribution, are the number of repetitions of the information
signal, M, the normalized average electrical SNR at the receiver, u/éy,, and the parameter b. For
the parameter b we choose three values, i.e. 1, 7 and 15, where the smaller values correspond
to stronger turbulence conditions. On the other hand, for the time diversity parameter, M, we
consider the values 1, which corresponds to an FSO link without diversity, 3, 5 and 10.

In Figure (1) we present the results for the case of very strong turbulence conditions, i.e b=1.
It is obvious that for the case without diversity, even the smaller value of outage probability, i.e
for large value of the normalized average electrical SNR, is giving a very large value which is
not acceptable for FSO communication links. Thus, the same link with strong, M=5, or stronger,
M=10, time diversity achieves much better values for this probability metric. It is obvious that for
larger values of M, the availability improvement would be better, but, as mentioned above,
further increase of M, will result in significant decrease of the effective (practical) bit rate of the
system [18], [19], [28].
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FIGURE 2. Outage probability, P, of an FSO link with time diversity, modeled with the K-distribution,
versus the normalized average electrical SNR, u/&,, with b=7 and various values of time diversity
parameter M.

< 10" Tl —
2 -
o T
i
~
107
g |
=
o]
10" f— M1 . .
——— M3
- M=S
e o o=t

0 2 4 6 8 10 1z 14 16 18 20
Normalized average electrical SNR (dB)

10°

FIGURE 3. Outage probability, P, of an FSO link with time diversity, modeled with the K-distribution,
versus the normalized average electrical SNR, u/,, with b=15 and various values of time diversity
parameter M.

The above conclusion, is clear for larger values of b, i.e. for weaker atmospheric turbulence
conditions than those of Figure (1). Thus, in Figures (2) and (3) we present the corresponding
results for b=7 and 15. In both cases, it is obvious that the values of outage probability, without
time diversity, i.e. M=1, are smaller than those of the previous case with b=1, but they are still
large and not acceptable for practical FSO links, even for large values of normalized average
electrical SNR. This situation is much better when the time diversity scheme is used. As we can
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observe in Figures (2) and (3), for time diversity values, M=5 and M=10, the link can easily
achieve very small values of this probability and thus the system can be easily characterized as
one with very high availability.

CONCLUSIONS

In this work we investigated an FSO system which is using a time diversity scheme in order
to increase its availability against atmospheric turbulence effect. More specifically, we
investigate the capabilities of a terrestrial, outdoor, FSO link with time diversity, which is working
under strong turbulence conditions modeled with the K-distribution. For this case we extract
both, general and more specific, closed form mathematical expressions for the estimation of the
link's availability through the estimation of outage probability. We prove that this technique can
decrease significantly the system's probability of outage without need of extra trans-receivers in
each side of the link. Moreover, in the section with the numerical results, using the above
derived mathematical expressions, we show that the achieved improvement of the link's
availability characteristics are significant and consequently, the whole system can be described
as one with very high availability.
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Abstract. The free space optical communication systems exhibit significant research and
commercial interest in the last few years due to their capability of achieving optical
wireless communications with high and secure data rate transmission and low installation
and operational cost, without need of licensing. On the other hand, the unstable conditions
of the atmosphere, which is the propagation path of the laser beam that carries the
information signal, and especially the atmospheric turbulence effect, affects mainly its
intensity and causes random irradiance fluctuations at the receiver's end. This
phenomenon causes a significant reduction in the system’s availability and performance
(BER). In order to overcome this reduction, many methods have been studied, from which
the diversity techniques are a very efficient solution. In this work, we investigate a time-
diversity scheme for free space optical channels under strong turbulence conditions
modeled with the K distribution. We concentrate on the estimation of the maximum
effective bit rate of the link, which is limited by the finite capacity of the optical channel, as
well as on the multiple transmission of the same part of the information signal in order to
achieve much better performance characteristics using the time diversity scheme. Thus,
we extract closed form mathematical expressions for the estimation of the maximum
effective bit rate, for both, fast and slow, fading statistics. Finally, we present numerical
results for many practical cases.

Keywords: K-distribution, Time diversity, Free Space Optical Communication Systems,
Atmospheric Turbulence, Maximum Effective Bit Rate, Channel Capacity.
PACS: 42.79.Sz, 92.60.hk.

INTRODUCTION

Free space optical (FSO) communication systems enable the communication between two
points with a laser beam using the atmosphere as a channel. This kind of wireless
communication has many advantages compared to other methods, such as high speed of data
transfer (bit-rate), no need of license to transmit in this band of frequencies, low installation and
operation cost. On the other hand, the unstable conditions of the atmosphere and especially the
atmospheric turbulence effect, affects the intensity of the laser beam causing random irradiance
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fluctuations at the receiver's end. So, the atmosphere is a channel with randomly time varying
characteristics [1]-[8].

Thus, it is obvious that the atmospheric turbulence is a mitigation factor for the performance
and reliability of the FSO link, due to the induced scintillation effect [4]-[10]. In order to overcome
this influence, many techniques have been investigated. The diversity schemes represent one of
them [11]-[19]. In this technique, the information signal is sent more than once, using different
spatial paths, i.e. spatial diversity, different wavelengths, i.e. wavelength diversity, different
polarizations, i.e. polarization diversity, or different time slots, i.e. time diversity [16], [19]. Thus,
each copy of the information signal propagates through a channel with different characteristics
and obviously the probability of error is decreasing as well as the probability of outage of the
FSO system.

In this work, we are studying an FSO communication link over atmospheric turbulence
channel by assuming strong turbulence conditions modeled with the K-distribution [20]-[22], with
a time diversity scheme. In this configuration, the main advantage is the requirement of one and
only trans-receiver pair which is sending the same information signal more than once in different
time slots. On the other hand, taking into account that the channel’s capacity is finite, this
technique reduces the actual effective maximum bit rate of the link. Thus, we present
mathematical expressions for the estimation of this limit for both, slow and fast, fading statistics
of the wireless connection.

The rest of this work is organized as follows: in Section Il, we introduce the considered FSO
system and channel model for the time diversity scheme. In Section lll, we derive closed-form
mathematical expressions for the estimation of the maximum effective bit rate of the FSO link for
slow and fast fading statistics, while in Section IV, we present numerical results for the system’s
reliability and performance for various link’s parameters. Final conclusions are presented in
Section V.

THE FSO CHANNEL MODEL WITH TIME DIVERSITY

As mentioned above, for the FSO links with time diversity, only a single pair of transmitter
and receiver is needed and the information signal is sent more than once using different time
slots. Thus, this diversity scheme can be emulated with an FSO communication system which is
using one transmitter that transmits M copies of the signal at M different time-slots and one
receiver for these M copies. Hence, this operation is equivalent to the combined operation of
one transmitter transmitting through M channel/branches and M receivers at the receiving end,
similar with the Single Input Multiple Output (SIMO) communication systems [19].

The system’s input is binary and the output continuous intensity modulation/direct detection
(IM/DD), with On-Off keying (OOK) modulation. Moreover, the channel is characterized as
stationary and memoryless with independent and identically distributed intensity (i.i.d) fading
statistics, with additive white Gaussian noise (AWGN). In this case, the statistical channel model
can be expressed as in [14], [15], [23]:

r.=s x+n=nxI +n, m=1,..M (10)

where y,, is the signal at the receiver for each one of the M copies of the information signal,
Sm=Nmlm is the instantaneous intensity gain, n is the effective photo-current conversion ratio of
the receiver, I, is the normalized irradiance arrived in each receiver, x is the modulated signal
(taking the binary values “0” or “1”), and n represents the additive white Gaussian noise
(AWGN) with zero mean and variance equal to Ny/2, [24], [25].
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For strong atmospheric turbulence conditions modeled with the K distribution, the probability
density function (pdf) of this model is given in [21], as:

I+a,,

_2(a,) 2w
fi )= = - 1,5 K, (2ya,l,) (1)

where K(.) is the modified Bessel function of the second kind of order v and /{.) is the gamma
function. In addition, a,, represents a parameter that is generally associated with the number of
scatterers forming the random component of the optical field [20]-[22]. By integrating (2), we
conclude the corresponding cumulative distribution function (cdf), which has the following
expression [21]:

l—a
1+a m
(a[)zm 2.1 2
F )=~ G|bl
() F(am) b3 "N-a, a,-1 _l+a, (12)
2 2 7 2

Next, we define the instantaneous electrical signal-to-noise ratio (SNR) as
& = (nlm )2/N0 =sfl/N , [25], and the average electrical SNR as x, =(77E[Im])2/N , [25], [26],
with E[.] being the expected value of the normalized irradiance of the my, copy of the information
signal /,,. Thus, the pdf and the cdf of &, for the K distribution, are given as [21]:

1+a,,

1+a,, oy
4 164’
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where G"[] is the Meijer G-function, [27].

.q
For a time diversity scheme, due to the fact that we use one pair of transmitter and receiver
and consequently the spatial propagation path is the same, we can assume that the value of a,
of Egs (4) and (5), as well the average electrical SNR, un,, remain invariable for all the M copies
of the transmitted signal [19]. Hence, the pdf and the cdf for &, is obtained from (4) and (5) by
assuming that a=a;=a.=...=ay and y=u,=u,=...=uy, [19] and we have the following mathematical
forms, [21]:
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MAXIMUM EFFECTIVE BIT RATE OF THE LINK WITH TIME DIVERSITY

It is well known that the time diversity schemes decrease the outage probability of the FSO
links, as well as their probability of error, and as a result, increase their availability, reliability and
performance [16], [19]. On the other hand, due to the fact that the time diversity schemes are
using one trans-receiver pair and the capacity of the channel is finite, the main disadvantage of
this technique is that the multiple transmissions of the same parts of the information signal,
decrease the maximum practical rate of data transmission. In this section, we will use significant
mathematical expressions for FSO links without diversity, in order to investigate the maximum
effective bit rate of the link with time diversity, R’ Obviously, this quantity is lower than the
maximum bit rate of the link, R, due to the fact that it represents the practical rate of bit
transmission, taking into account that with this technique, the same bit, occupies the trans-
receiver M different time slots. The maximum bit rate, R, that can be transmitted through a
single channel with fast fading statistics is determined by its average capacity, C.,, [19], [28]-
[31], which represents the practically achievable error-free bit-rate transmission. While, for the
case of slow fading statistics [19], [22], [32], [33], the value of R is estimated by its outage
capacity, Cou, Which stands for a metric that equals to the guaranteed capacity for channel
realizations with a probability of (1-r), i.e. Pr[C < C,,|=r, [19], [22], [32], [33]. Thus, taking into

account that the time diversity scheme uses only one FSO channel, the average (outage)
channel capacity of the whole scheme, coincides with R for the case of fast (slow) fading
statistics [19].

Hence, we can derive a new mathematical expression for R, using the expressions obtained
in [21], [22]. Thus, for M copies of the same bits of the information signal, the maximum effective
bit rate of the time diversity FSO link, could be defined as [12], [19]:

R _C (17)

M M
where C equals either to C,, or to C,,, according to the channel's fading statistics. Thus, by
substituting in Eq. (8) the results obtained in Refs [21] and [22] for average and outage
channel's capacity, respectively, we conclude to the following closed form mathematical
expressions for the estimation of the maximum effective bit rate, R/, and R/ ,, that are derived

out ?
for both types of fading statistics, respectively:
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with B being the channel's bandwidth, while the quantity (1-r) represents the probability of
channel realizations where the capacity, C,., is guaranteed.

NUMERICAL RESULTS

Using the expressions (9) and (10), we are able to present the maximum effective bit rate and
the outage capacity as a function of the average electrical SNR, for the FSO link that uses time
diversity scheme, for different parameter values. More specifically, we have the case without
time diversity, M=1 and two cases with diversity, i.e. M=3 and M=5, for two values of parameter
a,i.e. 1and 3.
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FIGURE 1. Normalized maximum effective bit rate, R,/B, of an FSO link with time diversity versus the
average electrical SNR, y, for various values of M and a.
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FIGURE 2. Maximum effective bit rate, R,,#/B, of an FSO link with time diversity versus the average
electrical SNR, , for various values of M and a.

In Fig. (1), we present the results for the maximum effective bit rate. We can see that as the
parameter a increases, the bit-rate of the channel increases too, as it was expected. Moreover,
in Fig. (1) it is clear that the use of time diversity technique decreases the maximum effective bit
rate of the channel of the FSO link. This result in the time diversity scheme is due to the fact that
the same information signal must be sent multiple times at different time slots.

In Fig. (2), we present the corresponding results for the maximum effective bit — rate,
obtained from the outage capacity with r=0.01 (i.e. percentage rate 1%) which is a typical value
in order to estimate the outage capacity.

CONCLUSIONS

In this work we estimated the maximum effective bit rate that an FSO communication link with
time diversity, can achieve, under strong atmospheric turbulence conditions, modeled with the K
distribution. This bit rate represents the practical maximum bit rate that such a system can attain
due the fact that these systems are using one and only trans-receiver pair and the channel’s
capacity is finite. We derive closed form mathematical expressions for the estimation of this
metric for both cases of fading statistics, i.e. fast and slow. Through the obtained expressions,
we presented various numerical results for the maximum effective bit rate, for different values of
SNR arriving at the receiver and the time diversity parameter. These results clearly demonstrate
that although time diversity techniques, achieve improved availability and performance (BER) of
an FSO link, they lead to a decrease of the maximum bit rate.
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2UyKkpion AtrAoTtroinuévng MeBodou lNMpayuaTtikng
2uyxvorntag pe Me@ddoug Karavepnuévng Evioxuong
otn Zxediaon Evioxutil XapnAou Oopufou yia
Epapupoyég Eupeiag Zwvng 3.1-10.6 GHz

NikdAaog Xar{nabavaaiou® kal EuayyeAia Kapayidvvn®

“EBvIk6 Metadio lMoAuteyveio, Tunua HAekTpoAdywv Mnyavikwv, Touéag Zuatnudrwyv
Meradoaong NMAnpogopiag kai TexvoAoyiac YAIKwv
FsxoAr Nautikwv Aokiuwv, Topéac Suotnudrwv Méxng, Nautikwv Emixeiprioswy, @aiaoaiwy
Emornuwv, Nauridiag, HAekTpovikwyv Kai ThAETIKOIVWVIWY

Abstract. A Simplified Real Frequency Technique (SRFT) is being implemented with
MATLAB in order to design a Low Noise Amplifier (LNA) for UWB (Ulta Wide Band)
applications, working in the 3.1-10.6 GHz frequency zone. Additionally two other designs
are being examined based on the distributed amplification method, in order to compare
the techniques and highlight the advantages of the new SRFT technique.

Keywords: Low Noise Amplifier, Ultra-Wide Band, Simplified Real Frequency Technique,
Distributed Systems, Microwave Integrated Circuits, Design, Optimization.

PACS: 85.40.Qx, 84.30.Le, 06.20.fb, 06.30.Ft, 84.40.Xb, 84.30.Vn, 84.40.Dc, 89.20.Ff,
02.50.Ng

TO NMPOTYNO ULTRA WIDE BAND

O evioxutic Tmou oxedlaletal oTnv TTapoUoa epyacia TTPOOoPICETal yIO CUOKEUEG TTOU
utrooTtnpifouv Tnv TexvoAoyia Eupciag Zwvng Ultra-Wide Band (UWB). Tlpokeital yia pia
aoUppaTn TexvoAoyia TTou €xel oav 0TOXO va UTTOOTNPICEl UTTNPETIEG ETAPOPAG dedoPévwy o€
TApa TTOAU uwnAoug puBpoulg. '’ autd kKal 1o dIATIBEPEVO QACHO CUXVOTATWY €ival TTOAU
MeyaAo.

ZUpowva pe Tnv OpooTtrovdiakr EmTpot) ETkoivwviwy Twv Hvwpévwy MoAireiwy APepPIKAG
(FCC) To UWB avagépetal og KABe Texvoloyia pe eupog wvng TTou eite uttepPaivel Ta 500 MHz
I 10 20% TnG KeVTPIKAG ouxvoTnTag Aeiroupyiag. To PeBpoudpio 2002 n FCC katoxupwvel yia
TNV TEXvoAoyia UWB T10 didotnua cuyxvothtwy 3.1 -10.6 GHz kai 1o Noéuppio 2005 n ‘Evwon
EBvikwv TnAemkoivwviwy Apepikng (ITU) ekdidel €kBeon cuoTdoewy yI' autrv Tnv TEXvoAoyia. H
FCC 6pi10g wg PEYIOTO OPIO EKTTOUTTAG 10XU0G aTTd Toug TTouTToug UWB Tnv Tiun -41.3 dBm/MHz
[1]. NpodkerTal yia TTOAU XapnAR TiuA TToU gival TG TdENg Tou BopUBou TTou TTPOKAAOUV DIAPOPES
OIKIOKEG OUOKEUEG.

To UWB egu@avietal oc duo ekdoxég [2]: To mmaAuikd (pulsed UWB) kai To UWB pe xprion
OFDM (OpBoywvik TMoAUTTAEEn pe Alaipeon ZuxvoTntag) 1 GAAEC OuvVaQEiC TEXVOAOYiES
TTAPAAANAWY @epovTwyY. H TTpwtn ekdoXNA €ival n TTAEov dladedopévn. ESwW, TO eKTTEUTTOMEVO
onua atroTeAeiTal atd TTOAU OTEVOUG TTOAROUG. Mepik& eAKUOTIKG XapakTnpioTiké Tou pulsed
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UWB civail Ta €€n1¢: Avoxr oe @aivopeva multipath, 81611 n didpkeia Tou TaApolu UWB eival TToAU
MIKPOTEPN OTTO TNV EEATTAWOTN XpovokaBuaoTépnong. AUTO onuaivel 6Tl Ta AvTiypa@a ToOU OAUATOG
AOyw TTOAUBIadpOopIKAG d1adoong Ba eTAcouv OTO BEKTN TTOAU PETA TNV A@IEN TOU KavOVIKoU
onuarog [3]. Opwg, akpiBwg yI' autdé 10 Adyo, Ba utrdpEouv TTpofAnuaTa SIaCcUPBOAIKAG
TTapePPBOANG. 'Eva GAAO TTAEOVEKTNUA €ival OTI OTNV TTEPITITWON TWV TTAPAOOCIAKWY TEXVIKWY
METABOONG, ATTAITOUVTAI TOTTIKOI TAAQVTWTEG KAl MIKTEG yIa T SIapOpPWaon TOU QEPOVTOG YA ThV
EKTTOUTIA Kal yia TNV ammodiauéppwaon otn AfRwn, kdt tou d¢ cupPaivel oto UWB. ETriong,
UTTapxel n duvatoTnTa TTOAU uwnAoU puBpol petadoong Kai TEAOG AOyw TNG XAapNnAnRg 1ox00g
EKTTOPTTAG, OEV aTTaITEITAI EVIOXUTAG 10XU0G Yia Tn peETddoon OTTwg oupBaivel he AANEG TEXVIKEG
peTAdooNG.

evikd@, TTPOKEITAI YIO TEXVOAOYIQ TTOU TTPOOPICETAI YIA ETTIKOIVWVIEG KAl TTPOCWTTIKA dikTud
KAEIOTOU XWPOU. XAPAKTNPIOTIKA £QAPUOYN TNG TeEXVOAoyiag auTAg gival N acUpPaTn PETAPOPA
0edopévwy Video PETAEU OUOKEUWY TTOU UTTOOTNPICOUV TO €V AOYW TTPOTUTTO. AANAEG EQAPUOYEG
Tou UWB eivai n arreikévion pgéow pavtdp, ocuhdoyn dedouévwv atrd aiodnTripeg, EPAPUOYES
EVTOTTIOMOU Kal TTapakoAouBnong akpifeiag K.a.

MEOOAOZ KATANEMHMENHZ ENIZXYZHZ

2TOUG CUMBATIKOUG evioxuTég Tou Bacifovial o€ Tpavliotop (aAAAG Kal TTOAIOTEPA OTOUG
EVIOXUTEG AUXVIWV KeVOU) UTTAPXE! EVOG EYYEVHG TTEPIOPICUOG OTO YIVOUEVO KEPDOG £TTi £UPOG
OUXVOTHTWY TTOU UTTOPEI va €TMITEUXBEi. AUTO onuaivel 0TI dev PTTOPE Kaveic va oxedidoel éva
EVIOXUTN TTOU va AgIToupyei Kal o€ TTOAU uPnAéG ouxvOTNTEG Kal o€ TTOAU uwnAd képdog. 'ETol
KAvVoUE TTAVTOTE €va CUPBIBACPO OTIG ATTAITACEIS JOG. AvAAoya PE TNV EQAPPOYA JTTOPOUUE va
oxedldooupe €va evIOXUTH PeyYGAoU KEPOOUG OE OXETIKA MIKPO €UPOG CWvng N Eva evIOXUTH TTOU
EMTUYXAVEl PETPIO KEPOOG OE WEYAAUTEPO €UPOG ouxvoTATWY. O gyyevAg auTdg TTEPIOPICHOG
EYKEITAI OTIG TTAPACITIKEG XWPENTIKOTNTEG TTOU €XOUV Ta TpavlioTop oTnv €icodo Kal Ty €000
Toug [4]. 'ETO1 av BAAoupe oTn oclpd U0 eVIOXUTIKEG BaBuides, pye Tn deUTeEPN va evioXUEl TO
onua atd TV £€0d0 TNG TTPWTNG, TOTE QUOIKA TO KEPDOG Ba aufnBei oTIC XaPNAEG CUXVOTNTEG,
OAAG Ba pelvetal oTIG UWPNAEG Adyw TNG OUVOAIKAG augnuévng XwpnTiKOTNTAG.

O Tropatmdvw TTEPIOPIOUOGS AipETAl PE TNV €QAPUOYH TNG KATAVEUNPEVNG evioxuong. ZToug
KATAVEUNUEVOUC €EVIOXUTEC Ol XWPENTIKOTNTEC €10000U Kal €E6O0U TTou TTEpIopifouv TO €UPOG
{wvng Twv TpaviioTop, aTTOPPOPOUVTAl CE YPOAUUEG METAPOPAG TTOU OUVOEOUV Ta TpaviioTop
METAEU TOUug. H ypapun PeTagopdg (16avikr) dev TTAPAUOPPWIVEI UE KaVEVA TPOTTO £va Orjua Kal
EXEl aATTEPIOPIOTO €Upog Cwvng. Mia own autou eival To yeyovog OTI n avriotaon Z TTou
TTapouaciadel N yPapun (N XapakTNEIoTIKA avTioTaon TNG YPAMMNG) €XEl Hia oTaBepn (BETIKA) TIUNA
o€ OAeg TIG ouxVOTNTEG. ETTOPéVWG OUPQWVA e TN oxéon

Ay ()= \@:‘ ~g-Z(f) 1)

o6tou g n dlaywyiuétnTa (lyyt =g-Vin), T0 KEPDOG TOU EVIOXUTA €ival €1miong otaBepd pe TN
ouxvotnTa. Twpa n oxéon (1) Jag Aéel OTI PTTOPOUUE VA AUEACOUNE TO KEPOOG TOU EVIOXUTH Qv
augrijooupe 10 g. AUTO UTTOPEl va yivel yia TTapddelyua av odnyAoouue To OAuUa €100d0U O€
TTOAAG idia TpavioTop Kal PeTd “CUAAECOUNE” TO peUpa TTOU divel TO KABEva Kal TO 0dNyROOUE
oT0 @opTio pog. Me autév Tov TPOTTO 1N 10000vaAUn  SlayWwYINOTNTA  TOU  €VIOXUTH
TToANaTTAacIddeTal Katd 1o TTARBOG Twv TpavdioTop. AUt n 0drynon Tou orpaTtog elc6dou oTa
Tpav{ioTop, KABwWG Kal n 0drfynan Tou pelpaTog €€600U Twv OTO QOPTIO yivovTal PE Tn XpPrnon
TWV YPAUHWY PETAPOPAG TTOU aTTOPPOPOUV TIG XWPNTIKOTNTEG TWV TpaviioTop. To Tiunua TTou
TIANPWVEI KAVEIG yIa TNV ETTEKTAON TNG AEITOUPYIAG TOU EVIOXUTH O€ PEYAANEG OUXVOTNTEG €ival N
XPOVIKA KaBuoTépnan TTou u@ioTartal To ofua e€6dou katd Tn SIEAEUar) Tou atmmd TNV YPAMMN
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METOQOPAG MEXPI va @BAcEl OTO QOPTIo. Z& E€QPOAPUOYEC TTOU aQuTA n KabBuoTépnon Oev
o1adpauaricel oroudaio pOAo, n XPNOIKOTTOINGN TOU KATAVEUNUEVOU EVIOXUTH €ival €QIKTA. To
KUKAWHATIKO SIAYPOUHPA EVOG KATAVEUNKEVOU EVIOXUTH QAIVETAI TTAPAKATW.

Zy, ly Output

“BERE

ZXHMA 2. Kartaveunuévog Evioxutig

Input

BAétToupe OTI uTTdpXouV BUO YPAPUEG PeTaPOPdS. H pia atmd auTég XpnoIUoTToIEiTal yia va
METOQEPEI TO ONUA TTPOG €vioxuon oOTov OKPOOEKTN Tng TTUANG Gate Twv Tpavdiotop Kai n
0eUTePN TTapaAauBavel To evioXUuEVo aTTd KABe TpavlioTop oAua oTov akpodEkTn €€60ou Drain
Kal TO odnyei TTPOg To YopTio. ATTO TIG OVONAOIEG TwV SUO AUTWYV AKPOBEKTWY N YPAUUR €106d0U
ovopadletal Gate line kai n ypaupr e€6dou Drain line. H Gate line €xel xapakTnpioTIKA avTioTaon
Zg xai n Drain line Zg.

H evioxuon éykeimal oTo unNXaviopo Asitoupyiag Tou TpavEioTop Kal PJOVTEAOTTOIEITAI WG Mia
TNYR PEUMATOG €EAPTWHEVN ATTO TNV TAON €10000u. To peupa TTou divel To KABe TpavlioTop
TTPOCTIOETAI JE TO PEUPA TWV UTTOAOITTIWY HPE ATTOTEAECHO VA €XOUME OTO QPOPTIO PEYAAO peUa.
2Tnv oucia TrpokeITal yia pia didragn mapdAAnAwyv povoTraTiwy  peUUATOG, Ta  OTToia
ouvavtoUvTal yia va dWoouV TO €MBOUNNTO PeydAo peupa oTnv €60do. MNpokeiuévou Ta peupaTa
QuUTA va TTPOCTIBETAI Vv QAo Ba TTPETTEI TO XPOVIKO dIAOTNUA TTOU ATTAITETAI yia va diavUuoel TO
onua TNV amréoTacn avaueoa o€ dUo TpavdioTop OTIC OUO YPAUUES METAPOPAS va eival To idlo.
AuTO emTuyavetal Je KOTOAANAN €mTIAOY TV PNKWV g, lg Kal Twv TTapayoviwy d1adoong
paong (phase propagation factor) B4, B4 OTIG dUO YPAUMEG HETAPOPAG, WOTE VA IOXUE! Bgrlg=By-lg.
TepuatiCoupe TIC dUO YPAUUESG METAPOPAS OTO €va GKPO TOUG ME QVTIOTACEIS i0EC WE TNV
XOPOKTNEIOTIKI avTioTaon Twv U0 YPANUWY, TTPOKEIMEVOU VO PNV €XOUNE avakAdoelg. ETriong
TEPMATICOUPE TN YPOUUA €€000U e éva QopTio TTou €Xel avTioTaon ion PE TN XAPAKTNPIOTIKN
avTioTaon Zg TNG YPOUMAG YIO va €XOUME WEYIOTH METAQOPA 10XUOG. ATTO Tnv TTapaTTdvw
TTEPIYPAPT) CUUTTEPAiIVOUNE OTI TO KEPDOG evioxuong cival avaloyo e 7o TTARBOG Twv TpavlioTop.
2¢ éva karaveunuévo evioXutr) ge N 1o TTARBOG TpavdioTop TToU £Xouv dIaywyIudTNTA gm, TO
KEPDOG TAONG A, OTO QopTio Zy ival A, _N-gm-Zq gr; 24 o TTapAyovTag Y2 OQEiAETal OTO YEYOVOG
o1l TOo pevpa oTn BUpa €€6Oou oe KABe TpavlioTop €xel dUO cuvioTwoeg. H pia kateuBuveTtal
TPOG TO POPTIO Kal N GAAN ammoppo@dtal Xwpeic avakAdoelig otnv AdAAn dkpn NG YPOUUAS
€€6d0U. H TTapatrdvw oxéon Pag deixvel 0TI UTTOPOUNE VA PHEYOAWVOUUE TO KEPDOG ATTEPIOPIOTA
ME TN XPNOIMOTToINON oAoéva Kal TTEPIcCOTEPWY TpavlioTop. Ettiong amd tnv avaAuon autr
TTPOKUTITEI OTI KEPDOG €ival OPOIOUOPYPO.

AvTi Twv ypOUPWY PETAQOPAG TTou oTnv emmitTredn (planar) TexvoAoyia eival cuvhBwg
MIKPOTQIVIEG UTTOPOUME VO XPNOIUOTIOINCOUNE KOl TEXVNTEC YPOAUMES METAPOPASC ATTOTEAOUNEVES
a1é cuykevipwiéva (lumped) oToixeia, OTTWG TTUKVWTEG Kal Trnvia. AuTd yIvoTav G€ TTEPOACHEVES
OekaeTie¢ Otav 01 dUvVATOTNTEG TNG ETTTEdONG TEXVOAOYIOG NTAV TTEPIOPIOPEVEG KOl OEV HOG
EMETPETTAV VA €XOUME KUKAWHATO PE Ta evepyd oToixeia (Tpavliotop) aAAd kal Ta TTadnTIKG
(YPOUMEG METOQOPAG, TIMVia, TTUKVWTEG) OAOKANpwuéva Tavw oTo idlo ummoécTpwua. Mia
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TEXVNTA YPOUMN METAQOPAG yia Tn gate line kai T drain line ptropei va €xer T Pop®r Tou
oxAMaTog 2.

e 2
e T T e T
* - - . B
c1 L c2 Lin © 3 L

L
4m
mC T
_|_
B)

EIXHMA 2. (a) Texvnthi ypauun peta@opds (B) m-mapaywuevo @iAtpo (m-derived filter) wg TepuaTionog
NG YPAUMAG

*

Mia TTapaAAayr TOu KaTtaveunuéVOU eVIOXUTH €ival 0 eVIOXUTAG UATPag (matrix amplifier) otov
OTT0I0 XPNOIMOTTOIOUVTAl TTEPICCOTEPA TOU £VOG TpavlioTop avd Babuida woTe kGbe Babuida va
Oivel peyaAuTEPO KEPDOG N va £XEI KAAUTEPN CUMPTTEPIPOPA OTIG UWNAOTEPEG ouXVOTNTES. 'ETOI yIa
TTaPAdEIyPa UTTOPEI va XpNOIKOTTOINGE oav VIOXUTIKO KUTTAPO N O€IpIakn TotToAoyia (cascode)
[5].

Mia ouvABng TAkTIKA yia TNV alénon Tou eUpoug CWVNG TOU KATAVEUNUEVOU EVIOYXUTH MEOW
TNG MEiwoNg TNG avd PETPO XwpNTIKOTNTAG TG YPAPKAS HETAPOPAS OTNV TTUAN Kal TNV augnon
TNG 10XU0G €EOB0U, cival N ouvdeon evOG TTUKVWTH KATAAANANG XwpnTIKOTATOG q-CgS oTnv

TTUAN Twv TpavdiocTop [6], [7], [8], [9].

Ooov agopd Tnv €mid0O0N TWV KOATAVEUNHUEVWY EVIOXUTWY WG TTPog To B6pufo, oto [10]
TEPIYPAPETAI TO YEYOVOG OTI yIa OXETIKA peY&Ao apiBuéd TpavlioTtop n eikéva Bopuou PeIwvETal.
>TOoV B0pUBO TWV KATAVEUNMUEVWY EVIOXUTWY CUPPBAAAOUV oI avTIOTACEIG TEPPATIONOU Kal O
E0WTEPIKOG BOpUBOG Twv FETS.

1" Zxediaon: Katavepunuévog Evioxutiig XaunAou OopUpou

To Tpav{iocTop TTOU XPNOIMOTIOINCAUE VIO TOV KATAVEUNUEVO evioxuTh gival To PHEMT ATF-
36077 amd tnv AVAGO TECHNOLOGIES. Eival éva weudoupop@ikd High Electron Mobility
Transistor 1mou Bacietal o GaAs kal AsiToupyei pe eEaipeTikG pIKpO B6puPBo. OTtav eival
KATaAANAQ TTPOGAPUOCHEVO OTNV €i6000 Tou eTITUYXAVE! ElIkOva BopUBoU TTOU KUPAIvETAl JETAEU
0.3 dB o10 1GHz péxpr 0.65 dB ota 18GHz. To d¢ képdog 1oxU0g TEQPTEI atd Ta 25 dB oe DC
AeiToupyia ota 15 dB o€ ouxvotnTa 16 GHz.

210 oxAua 5, ammod TIG ypaIkES TTapacTdoels (a), (B) kal (y), TTapatnpoupe OTI To KEPDOG eival
METPIO, N €IKOva BopuBou e@AUIAAN Pe auTrv TTou TTapouaciadetal oto [10] Kal 0 CuvTeEAEDTNG
avakAaong €1l06dou gival PETPIOG.
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2" Txediaon: Matrix Amplifier
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ZXHMA 5. H emidoon Twv evioxutwy 6agov agopd 1o kEpdog (a), (8), Tnv eikéva BopuBou (B), (€) kai
TO OUVTEAEDTH avdkAaong elc6dou (y), (oT). H mpwTn oTAAN (), (B) Kai (y) gival Ta aTToTEAECPOTA THG
TTPOCOUOIWONG TOU KATAVEUNUEVOU EVIOXUTH TOU OXAMATOG 1, evwd n deUTepn OTAAN (B), (€) Kai (OT) gival Ta
atmoTeAéopATa TNG TTPOCOoUoiwoNG Tou matrix amplifier Tou oxfuarog 2.
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KdaB¢e evioxuTiké KUTTAPO OTOV TTAPATTAVW KATAVEUNUEVO EVIOXUTH atroTeAeital atrd duo FETs
ouvdedepéva oe oelpd og ouvdeapoloyia KoIvAg TTNyAS. Me To KUKAWPA auTd au&dveTal KaTd
TTOAU n 10080vaun dlIaywyluéTNTA TOU EVIOXUTIKOU KUTTAPOU O€ OXEon ME TN diaywyihoTnTa TOUu
kaBevog TpavlioTop EexwpioTd. To Tnvio L (peaking inductor) xpnoigoTroigital yia mn BeAtiwon
TNG ATTOKPIONG CUXVOTNTOG OTIC UPNAEG OUXVOTNTEG.

XpNOIYOTTOIWVTAG KATAAANAEG TIMEG yia TRV avTioTaon R kal Tov TTukvwTr] C, KaBwg Kal yia T0
Tnvio L ptmopoUue va KAVOUME TNV 10000vaun OlaywyINoTnTa TTEPITTOU 0TaBEPr oTO dIACTNUA
OUXVOTATWYV TTou pag evola@épel. MNa To okoTmd autd XpnoiYoTToIfocape Tn BeATIoTOTTOINGN TOU
ADS amé tnv otroia @Avnke OTI 0 eVIOXUTAG €XEl TTOAU KOAA €Tmidoon Xwpig Tn Xprion Twv
TTUKVWTWV g - Cgg Kal Twv m-derived filter Teppatiopwy.

To oxnuatikd ato ADS trapoucidletal oto oxXAua 4.

Mapartnpoupe o011 TO KEPDOG cival TTepiTTou 20-21 dB, dnAadr oxeddv dITTAGCIO OE oxEon ME
TOV TTPONYOUUEVO KATAVEUNKEVO €VIOXUTH. ETTiIONG TOGO 0 ouvTeAEOTHG avakAaong €106dou 60
Kal n €ikéva Bopuou gival caPuws KAAUTEPOL.

AMNAOIMOIHMENH MEGOAOZ NPAIrMATIKHZ ZYXNOTHTAZ

H amAomroinuévn péBodog TrpaypaTikig ouxvotntag (Simplified Real Frequency Technique -
SRFT)[12] atroTeAei pia TapaAiayn 1nG pebBodou trou eioriyaye 1o 1979 o Carlin [13]. MNpokeiTal
yla dia apiBuntik néBodo BEATIOTOTTOINONG TTOU XPNOIMOTIOIEITAlI KATA KOPO yia Tn oxedioon
KUKAWUATWY TTPOCApPOYAS evog TpavlioTop O €QAPUOYEG HEYAAOU gUpoug auyvoThTwy. Ol
TEPIOOOTEPEG aAPIOUNTIKEG PEBODBOI TTOU XPNOIPOTIoIoUVTAl OTa JIAPOopPa OXESIOOTIKA TTAKETA
CAD 1rpoUTToBEToUuV KaTapxfyv atd To XpNoThn va eTTIAEEEl Hia AOYIKA KUKAWUATIKA TOTTOAOYia e
KATTOIEG APXIKEG TIMEG. ZTn OUVEXEIA N €TTIOOCN TOU KUKAWMATOG PeATIOTOTTOIEITAI PE TNV
KAaTaGAANAN aAAayn Twv TIHWV Twv TTaBNTIKWV OTOIXEIWwV TToU CuvBéTouv TOo KUKAwpa. H
BeATioTotroinON auth yiveral BAcel hiag avTIKEIPMEVIKAG ouvapTnong (objective function) Trou Bétel
0 XPNOTNG KAl OTNV OTTOia ATTOTUTTWVETAI N TTOUPNTY aTTOKPION TOU KUKAWMATOG TTou BEAEI va
oxedldaoel. Mpodkermal yia yia guvapTnon Twv TIMWY Twv TTadnTikwy otoixeiwv X {Xi, Xo, ..., X}
TOU KUKAWMOTOG TIPOCAPHOYAG, KaBwg kai Twv Oegdouévwy avtiotaong Z =R/ +jX. (A
AYWYINOTNTAG i TTOPAUETPWY 0KEDAONG) Tou opTiou (Load) kepaidag ) evioxuTr] TTou BEAoupE va
TTPOCOPPOCOUNE O€ Mia {wvn ouxvoTATWY w. 'Eva TTapddelyua avTIKEIMEVIKAG CUVAPTNONG TTPOG
BeATioTotroinon cival 1o Képdog loxuog Metagopdg (Transducer Power Gain) TPG 1Tou opileTal
WG 0 AOYOG TNG I0XUOG OTO POPTiO TTPOG TN dlaBéaiun 10XV TTou divel pia yevvATpia oTnv €i00d0.
EmOBupolpe va eival 600 yivetal o peydAo kal otaBepd oTn (v CUXVOTHATWY TTOU HOG
evolaQépel. Ze pabnuatikoug 6poug, BéAoupe 170 T=T(w, Z., X4, Xy, ..., X,) va TTpoceyyilel Tnv
Tyl To Tou emAéyel o xpnotng. ‘Etol, oxnuatiCoupe pia  ouvaptnon  o@AAPATOg
g(w) = T(w,R (W), X (w),X1,X5,..X,)— Ty, TNV OTT0i0 BEAOUPE VA EAAXIOTOTTOINCOUUE. ZTNV TEXVIKA
BiBAIoypagia uttdpyxouv TTOAAG  apiBunTikd TTaKETa  €AaXIOTOTIOINONG TNG  TTAPATIAVW
ouvapTtnong, aAAa eivar ouvABwg KaTdAANAa povo yia KUKAWWPOTa oTevou e€Upoug {wvng HE
ouvrnBwg dUo Povo depya oTolxEia (TTUKVWTES/TTNVIa).

EmmAéov, 10 TPORANUa eAaxioToTToinONG TNG OUVAPTNONG OPAAPATOG £(W) KabBioTatal
éviova N ypaupiké. H atrAotroinuévn péEBOOOC TTpAyUATIKAG CUXVOTNTOG TTAPAKAMTITEI TNV
TTapaTTadvw BUCKOAIQ JE TO va eKPPAEl TOUG OUVTEAEOTEG OKESAONG TOU OTN HOPYN:

Sij = h(p) _ hyp" +hn_p" 4. +hp+hg
a(p) 9P +...+ 9P+

(2)

2TN OUVEXEId KATOOKEUALOUME Tn ouvdpTnon O@AAUATOG OUVOPTACEl TWV CUVTEAECTWV
okédaong Tng TrapaTTdvw POPEPAG Kal n ehaxiototroinon yivetal TAEOV wg TTPOG TOUG
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OUVTEAEOTES h; Tou TTOAUWVUNOU h(p) TTpAyHa TTou OTTWG atTodeIkvUETal KABIoTA To TTPORANUa
MN YPOUUIKG, OAAG PE PN YPOUMIKOTNTA TAENG dUO, aveEdpTnTa atmd TO TTANBOG Twv OTOIXEIWV
TOU KUKAWWPATOG. TN Bewpia TnG PeATIOTOTTOINONG €ival yvwaoTd OTI, v n Pn YPOUMIKOTATA TNG
QVTIKEIYEVIKAG ouvapTNONG €ival TAENG PeyaAUTePNG Tou OUO, TOTE KATTOIOG UTTOPEI va TTAYIOEUTEI
o€ TommKé& eAGYIOTa Kal n idla N oUykAIon TNG apiBunTIKAG PeBOdou cival apgifoAn. ETimTAéoy, o€
QUTEG TIG TTEPITITWOEIG TO TEANIKO ATTOTEAECUA €ival TTOAU €6APTWHEVO ATTO TIG APXIKEG AUOAIPETEG
TIWEG TwV METABANTWY TTOU UTTEICEPYOVTal OTn BeATIoTOTroinoN. ATTé TNV GAAN pepid otnv SRFT
N HN YPOMMIKOTNTA €ival TAENG OUO - Kal n oUykAion civar oxedov PERain. H KUKAWMPOTIKA
TotToAoyia gival auTr] evog BabutrepaTtou L-C @iATpou 6TTwG @aivetal 0To oxrua 6.

=2 » ST - 5L — +— 2L SV Y

i 1

| = L2 L1 L&

skl L2 L3 | e L= L= At L=
L=1.0nH L=1.0nH L=1.0nH | R= i < it
=3

R= : R= R= b ¢ b
C1 c2 c3 c1 [

o=

Il5

| L
-

C=1.0pF C=1.0pF C=1.0pF

7

n

2XHMA 6. lMpooopoiwon ypapunig HETAPOPAs

To av @iATpo auTd Ba Eekiva e Eva TTapAaAANAO TTUKVWTA A JE éva €v O€IPA TINVio, TTPOKUTITEI
aTTd TN oUVBEoN TNG AVTIOTAONG £I00B0U TOU, OTTWG Ba dOUUE TTAPAKATW.

2tnv SRFT, cival duvatdév 10 KUKAWMPO TTPOCAPUOYAS VO ATTOTEAEITAl Kal aTTO YPANPEG
METAQOPAGC. Z& QUTAV TNV TTEPITITWAON BewpoUPe OTI OAEG O YPAUUES £XOUV TO 010 NAEKTPIKO
MAKOG Kal n BeATioToTroinon yivetal wg TTPOG TN XAPOKTNPIOTIKA avTioTaon Toug. YTTApXEl N
duUVaTOTNTA TO KUKAWMPO VA TTEPIEXEI KOI HETAOXNUATIOTEG TTOU WG YVWOTOV PTTOpOoUV 16aVIKA va
MeETaoXNUATiCoOuv Kal avTIOTAOEIC Ot ATTEIPO €Upog Cwvng. H xprion HeTaoXnUaATIOTWV Oivel
TePIOTOTEPOUG PBaBuoug eAeubepiag, aAAd oTnv TTPAEn cival dUOKOAO va Xpnolpotroinbouv o€
£va KUKAwA.

EmmAéov, o XpAoTng €xel Tn duvatdtnTa va XpnolyoTroinoel otnv Trapatrdvw Baoikr L-C
ToTToOAOYia Kal €v oe€lpd TUKVWTEG R TInvia €v TTApaAARAw TToU KAvouv Tn SIATagn Hag
{wvoTTEPQTH.

Ta Baoikd BAMaTa oTnv uAotToinon evog alyopiBuou Baciopévou otnv SRFT eival Ta €€AG:

1) ApPXIKOTIOINGN TWV CUVTEAEOTWV h; Tou TTOAUWVUHOU h(p) =h,p" +h, " +...+hg TTOU

eP@aviceTal oTov apIBUNTA Tou CUVTEAEDTH avAkKAaong (KavovIKOTTOINUEVO WG TTPOG Tn Movadiaia
avtiotaon) S=h(p)/g(p) ™M¢ oxéong (2) Tou KUKAWMPATOG TIpocappoyns (equalizer). H
apyIkoTToinon autr gival auBaipeTn av Kal TTOPEIG KAvEig va KAVEI Jia apXIKOTTOINoN TToU va €XEl
vonua yia 1o TPoRANud uag [14].

2) Me Bdaon tnv emAoyry Tou apiBuol k Tng oxéong (2) civar duvatd va Ppebouv ol
OUVTEAEOTEG @ TOU TTOAUWVUMOU g(p) TTOU €P@AvifeTal OTOV TTOPAVOUOOTH TOU OUVTEAECTH
avakAaong (KavoviKOTToINUEVO WG  TIpog  Tn  povadiaia  avrtiotacn) S=h(p)/g(p) TOU
TTPOCAPPOCTIKOU KUKAWwPaTog (equalizer). Ta BAuaTta yia TNV KATACKEUT TOU TTOAUWVUOU auToU
meplypdgovtal oto [16] kai Bacifovtal 0To yeyovog 0TI TO TTPOCAPHOCTIKG KUKAWMA gival Xwpig
OTTWAEIEG.

3) ‘ExovTtag TTAéov KaTaoKeUudoel (apXIKOTTOINOEI) TO OUVTEAEDTH avakAaong S ekppaloupe
TN ouvapTNON CPAAPOTOG CUVAPTACEI TOU S Kal TwV TTAPAUETPWY oKESAONG TOU POPTIOU TTOU
BéAoupe va TTPOCAPHUOCOUNE (01 TTOPAPETPOI OKEDAONG YIO TO QOPTIO TTPETTEI VA €ival QUOIKA
YVWOTOI €K TwV TTPOTEPWYV). To QopTio AUTO YTTOPEI Va gival €iTe TTABNTIKG, OTTWG Mia Kepaia, €iTe
evepyo omtwg éva FET.

4) EAaxioToTroIoUE TN ouvdApPTNON OQEAAUATOG HE TOV aAYOPIBUO EAAXIOTWY TETPAYWVWV.
‘ET0o1 Bpiokoupe To BeATIoTOTTOINWEVO TTOAUWVUNO h(p).
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5) EmavaAapBavoupe 1o BAua 2) yia va Bpoulue 10 BEATIOTO TTOAUWVURO g(p).
6) Kataokeudloupe 10 ouvteAeoTr) avakAaong S=h(p)/g(p) kalr amdé autdv Tnv avtiotaon
eloddou Z;, = 1-S _ 9(p)—h(p) TToU €ival éva pnTd TTOAUWVUHO WG TTPOG P.

1+S  g(p)+h(p)
7) H &iadikagia 1TOU 00rynoe oTa TTOAUWVUPO g atrd To TToAuwvupo h oTto BAua 5)
£€ao@aAilel 0TI n avtioTaon €106dou Z;, = 125 _9P)=hP) ¢y ouvBéoiun [15] pe éva dikTuo L-

1+S  g(p)+h(p)
C. & paBnuaTikh opoloyia To TTOAUWVUHO g(p) = gyp* +gx_p* T+...+gg €ivar Hurwitz, dnAadA
ME pifeg POVO OTO TPITO Kal TETOPTO TETAPTNMOPIO TOU MIyadikou emmimTédou Kal BeTIKoUg
TIPAYHATIKOUG OUVTEAEOTEG. EKQPALOVTAG TO Zin OTNV HOPPHA PEPIKWY KAACUATWYV gival duvaTthi n
eCaywyn TWV TIMWYV TWV XWPENTIKOTATWY KAl TWV GUTETTAywywv Tou BIKTUou L-C TepuaTtiopévou
o€ povadiaia avtioTaon.

3" Ixediaon: Mééodog SRFT

AkoAouBwvTag 1o [16] uhoTroifoaue poutiveg oto Matlab yia Tn oxediaon TTPOCAPUOCTIKWY
KUKAWPATWY oTnv gicodo kal €¢odo kal tou P-HEMT ATF-36007 tng AVAGO otn Cwvn 3-11
GHz. H guyxvétnta kavovikotroinong Atav fom=11 GHz. H uAotroinon auth dev meplAauBavel
METAOXNUATIOTEG, OUTE €V OEIPA TTUKVWTEG 1 ev TTapaAAiAw Tmvia. H oxediaon £yive o€ duo
Bripara. 1o TPWTO Bripa OXeSIAOTNKE TO TTPOCAPHOOTIKO KUKAwUa €i06dou £xovtag 1o FET
TEPMATIOPEVO aTTO T HEPIA £§0DOU € XapakTnPIoTIKA avTioTaocn 50 Ohm.

O o16x0¢ TOoV OToio Bécape OTn ouvdpTNon CQAAUATOC TTPOEKUWE HWETA aTTd €UPECT TOU
MéyioTou Képdoug IoxUog petagopds TPG (Transducer Power Gain) TTou ptmopei va dwaoel éva
HovOedpouo TpavioTop, OTav gival BEATIOTA TTPOCAPHOCHUEVO OTNV €i0000 ATTO KATTOIO 106€ATO
KUKAwA, oTo OIA0TNUa CUXVOTATWY TTou hag evolapépel. To TPG auTtd divetal atrd Tnv oxEon

(3).

Maximum Gain of the First Part in dB
23 T T T T T T T 13.2

221+ g 13.15
21+ g 1311

20+ B 13.051

T01 (dB)
»
equalizer 1 gain)
]

& &

N
©

16 - B 12.85-

15 q 1281

14+ q 12.751

13 Il Il L L L L L 127 L L L 1 L L L
3 4 5 6 7 8 9 10 11 3 4 5 6 7 8 9 10 11
Actual Frequency x 10° Actual Frequency x10°

(@) (®B)

ZXHMA 7. (a) MéyioTo képdog pe TTpocapuoauévn TNV €icodo Kal (B) BeATioToTroinuévo KEPDOG e
KUKAWPQ TTPOCapUOYHS €10600U.

_ |321(00)|2

T 3)
T )
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H oxéon autr 1ox0el cav yia TTPWTN €KTIKNON yIa To Tpav{ioTop Pag, agou autd dev gival
MovOedpouo. H ypagiki Tapdotacn Tng OXEONG QUTAG WG TTPOG T ouxvoeTNTA @AiveTal OTO
oxfAua 7(a).

To TPG éxovTtag éva TTpocapuoaTIKO KUKAwHa oTnv €icodo Tou FET divetal ammd Tn oxéon:

)= |SZ1F|2|821|2

Ty (
|1—322FS11|2

(4)

OTTOU Sa¢F Kal Soof €ival o1 TTAPAPETPOI OKEDACNG TTOU AVAPEPOVTAI OTO KUKAWNA TTPOCGAPHOYAG.
To Sy QVO@EPETAI OTN PETOPOPA I0XUOG aTTO ApPIOTEPA TTPOG TA BEEIA KAl TO Spp OTO CUVTEAEDTH
avakAaong Tng 10XUog TTou TTPooTriTTTel amd 10 FET TTpog T ApIioTeEPd OTO TTPOCAPHOCTIKG
KUKAwpa. Eival Soor=hi/gr kail S»1e=1/ge . O o16x0¢ TTou Bécape eival To TPG va €ival ico e 13
dB, dnAadr 1o eEAdXIOTO OTNV TTAPATTAVW YPAPIKN TTApACTACH TOU GXAMATog 7(a).

‘ET01 N ouvdptnon o@dAuartog error1 gival n €EAG :

2
‘821F‘ '|321|2
g PN S ——— —

error1=10lo 5
11— SorSy|

13 (5)

XpnoIYoTIoINCaUE Hia Tuxaia apxikotroinon yia 1o didvuopa h, ye h=[-11-11-1]. Toh €xe1 5
oToixeia he ammoTéAeoua To TEAIKO KUKAwPA va €xel 5 TTadnTikG oToixeia. H BeATioTotroinon eixe
w¢ amotéAeopa 1o TPG TT0U Qaivetal 1o oxnua 7(B). OTTwg TapatnEoUPe TTPOKEITAI YIa Mia
TTOAU KaAR TTpoCéyyion.

2710 &eUTEPO OTADIO TTPOCOETOUNE KAl TO KUKAWPA TTPOCAPUOYNG £€600U Tou TpavdioTop Kal
BeATioToTrolOUME TO OAIKO TPG. Emeidfy dpwg 10 Tpav{ioTop TTOU XPENOIYOTTOIOUWE Eival €K
KATOOKEUNG KAAG TTPOCAPHOCHEVO oTnV avTioTaon Twv 50 Ohms, To TTPOCAPHOCTIKG KUKAWUG
€EOO0U PTTOPET VA TTPOCPEPEI Hia hIKPH POvVOo BeATiwon. Ag TTpooTraBricoue AoitTtév To KUKAwUaA
auTé va TTpoc@épel pia oTabepn evioxuon 0.7 dB. OméTe BEToupe wg oTdX0 TO TEAIKO TPG va
givar 13 + 0.7 =13.7 dB (ta 13 dB mpokuTTouv a1d 10 TPG Tou TTponyouuevou oTtadiou).

To KUKAwMG pag Ba éxel Tn Joper [17] Tou oxAuaTtog 9.

500
[ KUkAwpa KUkAwpa '
MPOCAPUOYAS <-| Mpooappoyng 50Q
Eio6dou E¢6dou

SoF

2XHMA 9. EvioxuTtAg pE KUKAWPATA TTPOCAPUOYAG TNV €i0000 Kal TNV ££000
To 1eAIkG TPG TT0U BeATIoTOTTOIEITAI OTO BAMA aUTS diveTal atrd TNV €ENG oXEon :
2
‘3215‘

— (6)
[1-S2rS11|

Ta(w) = Ty(w)-

omou Tqi(w) eivar o TPG TTOU €mMITEUXONKE OTO TIponyoupevo OTAdIO, Sy1=1/gs €ival n
TTAPAPETPOG UETAPOPAS I0XUOC OTO BEUTEPO KUKAWMA TTPOCAPUOYNS — KUKAWMNA TTPOCAPHOYASG
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€€odou (back end matching network) atd apiotepd Tpog Oe€id, Kal Sy gival n TAPAPETPOG
OKEQOONG TTOU PAiVETAI OTO TTAPATTAVW OXNUA Kal IcoUTal PE

S12S21S22F
Sop =Sy, + — 5=
2F =922 1-S1,Soor (7)

To S oTnv TTapattdvw oxéon looutal pe he/ge 6ToU hg ,gr €ival Ta TTOAUWVUPG TTOU
TEPIYPAPOUV  TO  TIPWTO  KUKAWMA TTPOCAPHOYAS  (€10000U) Kol  TTpoékuyav atrd TN
BeATioTOTTOINON TOU TTPWTOU OTAdIOU.

H ouvdptnon o@dAuarog (error function) autol Tou otadiou divetal atrd Tn oxéon:

error, =10-log(Ty(w))-13.7

XpnolgotrolwvTtag Kal TTaAl pia auBaipetn apxikotroinon h=[-1 1 -1 1 -1 1] (To KUKAwua
TTpocapuoyAg Ba TepiExel 6 oToixeia) To TPG TTou €mTUYXAVETAlI TTAPOUCIAZETAlI OTO OXMMaA
10(a).

Autl n ypagikf TrapdoTacn Oev TIPOéKUWE ammd TTpogopoiwon oto ADS aAAG amd
uttoAoyiouo Tou TPG (oto MATLAB) cuvapTAoEl Twy TTOGPANETPWY 0KEDAONG TOU TpaviioTop Kal
TWV OUVTEAECOTWY QVAKAAONG TWV KUKAWPATWY TTPOCAPHOYNG €10000U Kal £§6dou (equalizers)
TTOU TTpoéKkuav YETd atd Tn BeATioTotroinon. BAEroupe 6t oto didoTnua 3-11 GHz €xouue pia
atrOKAIon atrd 10 0TOX0 TwV 13.7 dB TnG TéENG Tou —0.22dB < AT < 0.07dB . O 0TOX0G £TTETEUXON
ME ApIOTN TTPOCEYYION.

13.8

13.78

13.751 ]
13.76—

13.74—

13.72—: ~ / /\
1370 \

4 \ /
\ /
\ /
13.68— / \ a
\ /

1371
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PwrGain1

g
=)

final TPG (dB)

13,66 \ /

13.55¢ 13,64/ \\/s““

13.62 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

13.5¢
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freq, GHz

13.45
3

Actual Frequency 9
IXHMA 10. (a) TeAiko k€pdog pe TN SRFT (B) Képdog 10x00G NETAPOPAG JETA TNV TTPOCOHOIWON
Ta TToOAUWVUHG TTOU TTPOEKUWAVY aTTo Tn BEATIOTOTTOINON €ival Ta £EAG :
Na To KUKAwPa TTPOCAPUOYRS €l00d0U gival:
he=[0.7706 1.2850 0.7948 0.6418 -0.1236 0]
gr =[0.7706 2.6921 4.4258 4.7448 3.0830 1.0000]
Na 1o dEUTEPO TTPOCAPUOCTIKO KUKAWWMA €ival :

hg=[4.4353 2.8273 6.5209 2.8844 2.0559 0.4783 0]
gs =[4.4353 8.6576 14.0695 13.9405 9.9071 4.4769 1.0000]
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MNa T olvBeon Twv KUKAWUATWY XPNOIKOTTOIoUME dia pouTiva synthesis.m n otroia déxetal
oTnVv €i0000 TNG Ta avTeoTpauuEva diavuopaTta h,g kai divel oTnv €6000 TIG TIMEG TWV TTUKVWTWV
Kal TTNViwyv TToU Ba TTPETTEI VO XPNOIUOTTOINCOUNE. 'ETOI €X0UME TIG €EAG TIUEG:

L1=0.7924 nH C,=0.561 pF L3=1.0682 nH C4=0.367 pF Ls=0.2803 nH
MNa 1o KUKAWPa TTpocapuoyns €€60ou, n pouTiva synthesis.m pag divel :
L+=1.1007 nH C,=0.4477 pF L3;=1.3901 nH C4= 0.4859 pF Ls= 1.0939nH C¢= 0.2235 pF.

Av XpPnOIYOTIOINCOUNE TWPA TO KUKAwMPG autd oto ADS Ba mrpokuwel n oxediaon, OTTwg
TTapoucialetal oto oxnua 11.

KdavovTtag Trpooopoiwon 010 KUKAWPa autd oto didotnua 3.1-10.6 GHz, TpokUTITEl TO
KEPDOOG 10YXU0G HETAPOPAG TTou @aiveTal oTo axAua 10(B).

H 1rpocopoiwon aut pue 10 ADS cupowvei atmoAlTwg pe 1o TPG  Tou oxrpatog 10(a) TTou
uttoAoyicapue BewpnTIKA HEOW TWV PEATIOTOTTOINUEVWY TTAPOUETPWY OKEdAONG Twv OUO
KUKAWHATWY TTpocapuoyrs. Auté onuaivel 0TI n oUvBeon Twv KUKAWUATWY €ival ETTITUXAG.

Oa TTpéTTel OPWG va eEETACOUNE Kal TNV €UOTABEIO TOU evioxuTr]. Oa Bewprjooupe OTI TNV
€icodo Kkal £6066 Tou ouvdéovTal @opTia 50Q. H ouvenkn yia va gival EuoTaBAG 0 eVIOXUTAG OTNV
€i00d0 Kal £€000 gival ol cuVTEAEOTEG avAKAAONG €10600U Kal £5ODOU va €XOUV PETPO HIKPOTEPO
Tou éva. BAETTOUNE OTI KOl Ta OUO PETPA €ival MIKPOTEPA TOU £va g€ OAO TO BIACTNO CUXVOTATWY
(oxAua 12). ETTopévwg 0 eVvIOXUTAG gival EuoTABAG GTNV TUTTIKN TTEPITTITWON TTOU TNV €i0000 Kal
£€0006 Tou ouvdéovTtal gopTia Twv 50 Q.

TéNog TTpéTTel va doUpE Kal TNV €lkova Bopufou oTnv £€000 Tou evioXUTA. BAétToupe OTI n
MEyIoTn €ikdva BopuBou gival 1.04 dB (oxnpa 13) 1Tou gival pia atrodekTA TiUA.

- .

TR
=108 o

=50 Ohm B o
- CMTIR - - L C=E AR5 pF

S o 13 pF

ZXHMA 11. KukAwpua Evioxut utté Tnv SRFT

Oa TTPETTEl va ONPEIWOOUME OTI CUPPWVA HE TO QUAAO OedOUEVWV TOU KATAOKEUQOTH TOU
PHEMT T1rou xpnoiyoTroloUeE, To TpavlioTop TTAPOUCIAdel TO QAIVOUEVO TNG OXETIKA PIKPAG HOVO
emodeivwong TnG eIkdvag BopuBou étav aTnv €i0od6 Tou TTapouaialeTal aUVBETN avTioTaon Aiyo
1 TTOAU S10QOPETIKA atrd Tn oUvOeTn avTioTaon TTou KaBioTd Tnv €iIkdva Bopufou Tn PIKPOTEEN
ouvartr. To gaivouevo autd kabioTd duvaTth Tn AsiToupyia Tou TPavZioTop WG EVIOXUTH HIKPOU
BopuBou oe peydro eupog Cwvng (broadband LNA). H ouvBetn avtiotaon otnv €icodo PtTopei
va €xel JeYAAEC DIaKUMAVOEIC O €va TOOO HEYAAO €UPOC CUXVOTATWY, aAAG autd etTnpeddel
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eNdyioTa 10 B6puBo oTtnv £€€0d0 Tou evioXuTh]. 'ETol TTapdAo TTou n TTapatmavw BeATiIoToTTOINON
pe Tnv SRFT Ttrou mrpayugatotroifjoaue dev éAaBe utéwn Tnv atmaitnon yia pikpd 66pufo n
eIkdva BopuBou £€d6dou cival avekTh. MapoAa autd o Gunes kai Bilgin evowpdTwoav eTTITUXWG
otnv AmAotroinuévn MéBodo lMpayuaTikrg ZuxvoTnTag Kal TNV atraitnan yia hikpd 86pufo, aAAd
Kal JIKPO Adyo oTacipwyv kupdTtwy [18]. Ettiong, omwg trepiypdeeral oo [12], n SRFT utropei
eUKOAO va €TTeKTABEI KAl yIa TNV OUVOEON O€ OEIPA EVIOXUTIKWY Babuidwyv ue evepyd oToixeia.
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2XHMA 13. Eikéva Bopupou

2YMNEPAZMATA

levikd n atmAotroinuévn péEBOdOG TTpayHaTIKiG ouxvotntag (SRFT) eival n 1o TTOAAG
utTooXOHEVN PEBOBOG, OTTWG AAAWOTE TTEPIYpa@eTal oTo [18]. ZTNV epyacia Toug auTh, ol Gunes
kar Bilgin katdgepav pe cuoTnuaTmikd TPOTTO Xpnoidotroiwvtag T SRFT va emTuxouv T1a
KaAUTEpa duvaTd aTTOTEAECUOTA WG TTPOG TO oTABEPOTTOINUEVO KEPDOG, TNV €IKGva Bopufou, Kal
TO AOYO OTACINWY KUMATWY. ZUYKEKPIUEVA XpnoldoTroinoav Ta dedopéva atrd 1o datasheet Tou
EVEPYOU OTOIXEIOU YIa va Bpouv Tov KAAUTEPO duvaTd cuvOUaoHO YIa Ta TTAPATIAVW HEYEBN o€
Mia o€lpd atrd ouXVvOTNTEG YIA TIG OTTOIEG Ol KATAOKEUAOTPIEG £TAIPiEG £0Ivav DEDOMEVA YIA T
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Tpavliotop. O1 ocuvduaouoi auTtoi aTTOTEAECAV KOl TOUG OTOXOUG TTPOG €TTITEUEN MEOW TNG
oUvBeonG TWV TTPOCAPHOCTIKWY KUKAWHATWY €10000U Kal e€6dou pe TN SRFT.

21N OIKN pag epyacia deigape éva povo PEPog Twv duvatoTATwy NG SRFT uAlotroiwvrag
KataAAnAeg poutiveg ato MATLAB. lMpaypaTikd, pe Tnv SRFT 1reTUxaue TNV KaAUTEPN duvarTh
oTaBgpoTroinon Tou kEPBOUG Tou evioxuTr (otnv TR 14 dB) oe 6Ao 1o UWB @doua, mTpdyua
TTou €ival Baoikr] ataitnon oTig Texvoloyieg UWB. H gikéva BopuBou ettiong ftav mdpa 1ToAU
kaAn (0.7 db), 6TTwg kalr o ouvteAeoTAG avakAaong €€6dou (0.3 oe amoéAutoug apiBuoug). To
MOVO MEIOVEKTAMO OTAV UAOTTOINCH POg ATAV O CUVTEAECTNG avAKAAoNG OTnv €icod0 JE HEON
TiuR 0.75.

2Tn oxediaon Tou avatmTuxbnke oOTnv TTapoUca €pyacia, XPNOIYOTTOINONKE MOVO dia
EVIOXUTIKN BaBuida, pe atmotéAecpa 10 KEPOOG va gival PIKPO, OUWG AVEKTO yia £va EVIOXUTA
XaunAoU BopuUBou. MeyaAltepo KEPOOG emMITUYXAVOUUE OTAV XPNOIUOTTOIOUNE TTEQICOOTEPA
EVIOXUTIKA KUTTapa o€ oelpd. MNpdypaT, otn H€BodOo TNG Kataveunuévng evioxuong, Kai aAioTa
OoTnNV TIEPITITWON TOU KATAVEUNUEVOU €evIOXUTH MATpag (matrix distributed amplifier) éxouv
emTeUXOei TTOAU KOAG amroteAéopata, dedopévng IBIAITEPWS TNG XAMNAAG eikévag Bopufou,
TTPAYHa OXI ouvnBIoPEVO YIa €va KATAVEUNUEVO evioXUTr. Mo ouykekpipéva, TTETUXAPE KEPOOG
yUpw oTo 20.4 dB, eikdva Bopufou 2 dB kal Yérplo ouvteAeaTr) avakAaong €ic6dou Je Tiun 0.4.

H amAotroinuévn pEBOBOG TTPAYMATIKAG OouxXvoTnTag £dwaoe €EAIPETIKG ATTOTEAECUATA OGOV
agopd 010 KEPDOG Kal aTo BOPURO, CUYKPIVOUEVN WE TIG HEBOBOUG KaTavEUNUEVNG evioxuong.
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Abstract. Crucial power quality problems in ship electric power systems, known as
“voltage/frequency modulation”, are usually caused by specific type of loads known as
“‘pulsed loads”. Pulsed loads require regularly or randomly repeated high power
consumption in short time intervals. NATO standard, STANAG 1008, imposes two design
inequalities involving the power factor of the pulsed load and the ratio between the
apparent power of the pulsed load and the full rated apparent power of the supply at the
occurrence of the pulse. If these two inequalities are satisfied for a low voltage ship
service power supply system, the voltage and frequency modulation will not exceed 2%
and 0,5%, respectively. However, no well-based theoretical analysis of the phenomenon
is used. The mathematical analysis of voltage/frequency phenomenon was presented in a
series of two companion past papers proving that the phenomenon is depends on several
parameters such as pulsed load period and duty cycle, the technical characteristics of the
generators and their frequency and voltage controllers, the technical characteristics of the
cable between the pulsed load and the generator etc. In this paper, the impact of the
aforementioned parameters to STANAG 1008 design constraints for voltage and
frequency modulation will be examined based on the theoretical analysis already
developed by the authors. The effects of the respective parameters on STANAG 1008
pulsed load limit curves are presented and commented highlighting some of the issues to
be addressed by future standards.

Keywords: Ship electric power system, STANAG 1008, pulsed loads, voltage and
frequency modulation, modeling.
PACS: 84.70.+p

INTRODUCTION

In recent years Power Supply Quality (PSQ) for ship power systems has become a significant
issue as the equipment installed on board is increasingly electrified. One of the most critical
PSQ problems is “voltage and frequency modulation”. Generally, “modulation” is defined as
“voltage and frequency periodic or quasi-periodic variations such as might be caused by
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regularly or randomly repeated loading with frequency less than nominal’ [1-3]. Pulsed loads
provoke modulation, as they require high power for a very short time interval (in the order of a
few seconds or even up to some milliseconds). This operation is often repeated on a regular or
almost regular basis introducing a periodicity on the entire phenomenon.

The primary effects of pulse loading have been already studied in the context of voltage
flicker, dynamic and transient stability, excitation of torsional frequencies in generators etc
according to previous experience from continental power systems [4]. Pulse loading may also
affect the operation of several subsystems of the ship such as radarscopes, communication and
navigation equipment etc.

Voltage and frequency modulations are calculated as the difference between maximum and
minimum values expressed as a percentage of the double of the nominal value as shown in (1)
and (2):

v V

My = (1)
_fmax _fmin
My==37"2 (2)

Voltages in (1) may be used in rms, peak or mean values.
In Fig. 1, voltage and frequency modulation caused by a rectangular pulsed load is shown.
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FIGURE 1. Frequency and voltage modulation caused by a rectangular pulsed load.
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Up to now, few standards have dealt with this issue and have released relevant rules.
Especially, in IEEE-45 the respective parameters have not been quantified [1], while USA-MIL-
1399 [3] is overlapped with STANAG-1008 [2]. The following analysis will be based on STANAG
1008 (edition 9) [2], which is the NATO naval standard dealing with PSQ issues. It sets the limits
of voltage and frequency modulation for the low voltage shipboard electrical power systems
(440 V, 115V, 60 Hz, 400 Hz) to 2% and 0.5%, respectively. STANAG 1008 deals only with the
Ship Service Power Supply System excluding ship electric propulsion systems.

According to the design constraints of STANAG 1008 [8: Annex B § 9.d], in order voltage and
frequency modulation not to exceed the aforementioned limits, reactive and active power of the
pulsed load should satisfy the following inequalities:

]

Voltage modulation: AQ <0.065-S (3)
Frequency modulation: AP <0.25-§ (4)

where AP and AQ are the active and the reactive power of the pulsed load respectively, Ss is
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the full rated apparent power of the supply at the occurrence of the pulsed load. Considering the
apparent power of the pulsed load AS and the power factor of the pulsed load cos¢, the

inequalities (3) and (4) can be written as:

2
Voltage modulation: cos¢ > 1—[a-ALS] . a=0.065 (5)

Frequency modulation: AS-cos¢g<f : S=0.25 (6)

where a and B are the two parameters affecting the dimension of acceptable and unacceptable
areas of operation. STANAG a, B parameters are fixed at 0.25 and 0.065, respectively. The
respective graphical representation of inequalities (5), (6) is shown in Fig.2.

T T T T -~ T
[ [

Power Factor

04h ____________ R UNACCEPTABLE : |
' RANGE ;

02b- R (S L fomsemsomcsat b ]
1 I 1 1 I

0 5 10 15 20 25 30

Pulsed load apparent power (%)

FIGURE 2. Limit curves for pulsed load operation according inequalities (5) and (6), where the
acceptable and unacceptable range of pulsed load installed capacity is highlighted.

In previous papers of the authors [5-7], the electric power system of conventional ship and of
All-Electric Ship has been examined proving that STANAG 1008 guideline seems to be a
method leading to a rather rough estimation of pulsed loads limits, as it considers only the
pulsed load relative apparent power AS and the power factor of the pulsed load cos¢. However,

additional parameters such as the pulse load period and duty cycle, the time-profile and the
point of the connection of the pulsed load, the technical characteristics of the generators (like
sub-transient reactance, intertia) and their associated frequency and voltage controllers (like
governor and automatic voltage regulator (AVR) gains etc), the loading factor of the generator at
the time of the pulsed load occurrence, the equivalent length of the cable between the pulsed
load and the generator etc, should be taken into account

Later, in a series of two companion papers [8-9] the theoretical analysis of the frequency and
voltage modulation has been presented for a simplified ship power system respectively leading
to more complex inequalities including all the above mentioned affecting parameters.
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In this paper, the STANAG 1008 design constraints for voltage and frequency modulation will
be examined based on the respective theoretical analysis of ship’s simplified power system [8-
9]. Emphasis will be placed on the effects of the respective parameters on the pulsed load limit
curves of STANAG 1008 and the respective deviations caused by the variation of the
parameters affecting voltage/frequency modulation will be demonstrated.

THEORETICAL ANALYSIS OF FREQUENCY & VOLTAGE
MODULATION IN A SIMPLIFIED SHIP’S ELECTRIC POWER SYSTEM

Simplified Electrical Circuit of Ship Power System

The electric power system of a ship is considered as simplified as possible, as shown in Fig.
3 and proposed in [5]. The proposed simplified configuration can lead to the equivalent model of
a conventional ship or an All Electric Ship. According to this approach, the bulk power produced
by the equivalent synchronous generator is transferred to the load via a major electrical path
with complex impedance R+j-Xc. Automatic voltage and frequency regulators control the AC
voltage and its frequency, respectively.

Pu Se=Ps+j- Qs S=P+j-Q, S1o=Prot QL

—>

Generator

Diesel engine N
_ 9 I' ) — I Base
. v  — Load

turbine I I N1 R+ j-Xc I

[ 1

[ [
v : I Pulsed
Governor AVR i I Load

2 |

ettt - AS =AP o+ AQLo

FIGURE 3. Equivalent topology of a ship electric power system.

For the following analysis the electric and mechanical parameters with the respective
measurement units used, are listed next:

o FEris the generator excitation voltage (V [volts] or p.u. [per unit]),
Vs is the voltage at the generator ends (V or p.u.),
V_ is the voltage at the load connection point (V or p.u.),
Ero is the generator excitation voltage (p.u.) before the occurrence of the pulsed load,
Vo is the voltage at the generator ends (p.u.) before the occurrence of the pulsed load,
Vio is the voltage at the load connection point (p.u.) before the occurrence of the pulsed
load,
Tu is the accelerating mechanical torque on generator shaft (Nm),
Ts is the electromechanical torque on generator gap (Nm),
e Py is the accelerating mechanical power on generator shaft (W or p.u.),
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Se, Ps, Qs are the apparent, the active and the reactive power produced by the
generator respectively (VA or p.u., W or p.u., var or p.u.),

Ss is the full rated apparent power of the supply at the occurrence of the pulsed load,
which is the nominal base apparent power of the electric power system (VA),

X is the equivalent sub-transient reactance of the generator (Q or p.u.),

R, Xc are the equivalent resistance and the equivalent reactance of the cables between
generator output and load bus respectively (Q or p.u., Q or p.u.),

Si, P, Q. are the apparent, the active and the reactive power of the system load
respectively (VA or p.u., W or p.u., var or p.u.),

Si0, PLo, QLo are the apparent, the active and the reactive power of the system base load
(without the pulsed load) respectively (VA or p.u., W or p.u., var or p.u.),

AS, AP, AQ are the apparent, the active and the reactive power of the system pulsed
load respectively (VA or p.u., W or p.u., var or p.u.),

w, f are the ship electric power system cyclic frequency and the respective frequency
(rad/s or p.u., Hz or p.u.),

wy, Ty is the ship electric power system base cyclic frequency and the respective base
frequency (rad/s or p.u., Hz or p.u.),

Afis the frequency deviation from its nominal value and is equal to 1-f (p.u.),

J is the generator rotor inertia constant (kg:m?),

J is the generator rotor inertia constant (s), which is equal to J-w,%/Ss,

T is the pulsed load period (s),

dc is the pulsed load duty cycle (-),

cos is the pulsed load power factor (-),

I, IL4, ILq are the system load current and the respective d-axis, g-axis components (A or
p.u.),

Ry, Krare the frequency droop and the integral gain of the frequency regulator,

K, Ky are the proportional and the integral gain of automatic voltage regulator
respectively,

M}i-m is the frequency modulation limit (-),

M;™ is the voltage modulation limit (-).

The supplied load consists of a base load (including electric propulsion in the case of All
Electric Ship) and a pulsed load. A typical pulsed load profile as that shown in Fig. 4a is used for
the analysis that follows. System pulsed load is modeled by the following expressions:

AS(1) =AS-i[u(r—n-T)—u(r—(n+dc)-T)} 7)
n=0
= AP(t):AS-cosgp-i[u(f—n-T)—u(t—(n+dc)-T)] (8)
n=0

where u(t) is the unit step-function.

Constant power load modeling approach is fairly accurate for the examined range of
frequency and voltage deviation, provided that that loads in modern ship configurations are
often interfaced with the grid via power electronic converters, which provide fast dynamic
reactions. So the respective profile of the total load demand is presented in Fig. 4b.
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FIGURE 4. a) Pulsed load typical profile, b) total load typical profile.

Frequency Modulation Estimation

Here, the mathematical base of frequency modulation in the presence of pulsed load is

presented. The detailed mathematical nalysis can be found in [8].
If friction losses are neglected, then the motion equation of the generator rotor is:

d
=TT, 9)

Taking into consideration that Py, is the accelerating mechanical power, Pg the active power
produced by the generator, w is the rotor rotating speed, which is equal to frequency fin p.u.,

and Af=1-f, equation (8) can be rewritten:
., dAf
If both primary and secondary frequency adjustment is taken into account, the frequency

droop equation of the generator is:

t
APM=Rf-Af+Kf~J'Af~a’r (11)
Where, Ryis the frequency droop of the combination of the generator and its associated

speed governor, Ky the integral gain of the speed controller.
Assuming that frequency is close to its nominal value (f ~1 p.u.) and taking into consideration

the set of equations (8), (10) and (11) the following equation is obtained:
(12)

g

If
2 /
Ry >4-J K,

dAtf=AS-cosgo-;[u(t—wT)—u(t—(n+dc)-T)}—Rf'Af—Kf'j:Af'dT

(13)

then by applying Laplace and inverse Laplace transformation to equation (12) frequency in time

domain is equal to:
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—p(t-nT) _ —p,(t-nT) | _
AS-cosp <& (e ¢ )u(t nT)

14
J'(p,—p) = _(e—pl(tf(n+dc)-T) _e7p2(t7(n+dc)-T)).u(t_(n_'_dc).T) (14)

A1) =

Where

2 ’ 2 ’
R, - [RE-4.JK, R+ [RE-4J K, (15

P 27 P2 = 2T

According to (2) and taking into account the frequency function of eq. (14), frequency
modulation becomes:

Smax = i _ AS-cos@-c (16)

M. =
! 2/, 2-f, - JR2—4-J"K,

with the parameter c calculated as follows:

c=c (pl,dc T\t max2) (pz,dc Tt max2) (17)
where,

t . =max ‘In &~(ep2dﬂ _1) : (eplT _1) 0 (18)

max PP b (ep'dcr —1) (epZT —1) ’
¢ —min I &-(epﬂ pZdCT)-( ") de-T (19)

max2 Py~ P 4] (eplT —epldCT) (epzT —1) ’

c Tax T\, ~Plhoaxs _ c

(p,dC r tmaxl’ max2): (epd T 1) l +(epTePTeid1T) g . epT +epd T (20)

Taking into consideration STANAG-1008 constraint for frequency modulation, (M; should be
smaller than M}im = 0.5%), then the following inequality is obtained:

2 M]lm 'J’ . _
AS -cosg < I (P>~ p1) (21)
¢

Inequality (21) defines a parabolic curve on the S-cos@ plane, as it is also foreseen by
STANAG-1008 (as shown in Fig. 2 and defined by inequality (4)) involving several parameters
of ship electric power system model such as dc, T, Ry, J’, Kr which must be taken into account
during the design of the electric power system. Moreover, it appears that the S-cosg limitation
curve for frequency deviation is not unique as assumed in standards like STANAG-1008, but it
depends on the system model parameters mentioned above. Inequality (21) has been
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developed within time interval t€[0,), while standards, like STANAG-1008, do not define the
respective study time period of the frequency modulation.

R should not lie into the region defined by Rf2=4-J-Kf and Rf2<4-J-Kf as it might provoke
significant frequency oscillations.

In general the respective upper limit for frequency modulation can be expressed by a general
function of the following form for this simplified ship power system:

F/(T,dc,J",K,R;,AS,cosq) < M ™ (22)

Voltage Modulation Estimation

Here, the mathematical basis for the estimation of voltage modulation caused by pulsed
loads is presented. The detailed mathematical analysis can be found in [9].

More specifically the electric behavior of the system shown in Fig. 3 is similar to the behavior
of an RL circuit, where the RL circuit consists of the equivalent sub-transient reactance of the
generator X/, the equivalent reactance X¢ of the cables between generator output and load bus
and the equivalent resistance R. The voltages at the ends of the RL branch, namely, the
electromagnetic force Er of synchronous generator and the load voltage V|, are related with the
current flowing through it by the following set of differential equations (all AC quantities are
expressed to a rotating reference frame attached to voltage, V).

X' +Xo dl
Erg =V +R-Ipg=(X'+ X ) 1y, + ¢ L (23)
@, dt
X' +Xx. dl
_ . / . c . lq
Epy =V +R-I +( X'+ X ) Dy + o (24)

0

It is noted that the generator saturation has been ignored in this study.
The respective vector diagram is presented in Fig. 5, where phase angle 6 is the load current

phase angle with respect to load voltage vector V,.
A

q E-

2

li- ()("'Xn)

S V/f) ’Ild T,

1N O
ligv a "R "as

FIGURE 5. Vector diagram of simplified electrical circuit of ship power system.

For the operating conditions of the ship electric system studied in this paper, the so-called
induction voltage terms (including current derivatives) in equations (23) and (24) can be
neglected without affecting significantly the accuracy of the results [10, 11] and the following set
of equations is formed:
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Epg =Vig+Relpy (X' + X0 )1, (25)

Ep,

=Rl +( X'+ Xc) 1y (26)

The electromagnetic force Eg of synchronous generator is adjusted by the Automatic Voltage
Regulator (AVR). For simplification purposes and without loss of generalization, a simple
proportional — integral (PIl) controller is assumed, while the generator bus is considered as the
voltage control point. Thus, AVR can be modeled as following:

t
E; =E;+K-AVy+K, - [AV-dr (27)

0

with
While

AV, =V,, -V, (29)
AS, =S, -S,, (30)
S; =V, -1, (root mean values) (31)

Where Ery, Vo, V0o, Sio are the synchronous generator electromagnetic force, the generator
bus voltage, the load bus voltage and the system base load apparent power before the
occurrence of the pulsed load, respectively.

Applying Laplace transformation, Taylor series expansion of Er with respect to V, and S;
approximated by 1% order terms and inverse Laplace transformation, load bus voltage variance
is given by:

0

T,-AS-Y (u(t-n-T)-(u(t-n-T-de-T)))

AV, (1) = ) =0 (32)
+T, -AS-Z(e'N'"'T) u(t-n-T)-e” "D (u(t -n-T—dc-T)))
n=0
where
R*+ X _
Voo =1=V+——5-<-S} +2-(R-cosp+ X, -sing)-S,, (33)

LO

172
1-2-(R-cosp+ X -singp)-S,, +((2-(R-cosgo+XC -singp)-SLO—l)2 —4.(R? +Xé)-SfO

Vie= (34)

2

, 5 1/2
Ep, :{Vfo +RV;2X'SL20 +2-(R'COS¢+X'Sin¢)'SLoj

L0

(39)
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2 2
R-cos¢)+X.sinqo+RV+2X-SL0
A = Lo (36)
E,
R+ X*
V5o 3 'SZO
A, = Lo (37)
E,
2 2
R-cosp+ X -singp+ +2XC-SLO
B, = £ (38)
VGO
R+ X,
Vi _TC ’ SL20
B, = - (39)
VGO
I = B, >0 (40)
B2

- _BA-B A,

= 41
* B,(A,+B,-K) @)
B, K
y=—2—"_ (42)
A, +B,-K

According to (1) and taking into account the voltage variance function of eq. (32), voltage
modulation becomes:
2.erT _orT(-de) _q
oy Vs Vg _max AV, —minay, Dt
4 2V, 2V, 2V,

-AS

(43)

Taking into consideration STANAG-1008 constraint for voltage modulation, (M, should be
smaller than M,l,im = 2%), the following inequality is obtained:
M, <M" (44)

If it is assumed that R =0, V,, »1 p.u., Er =1 p.u., XaX¢, X+Xc=2-X and 1-X?-S,¢*> ~ 1-Xc*S.°,
then (43) turns into,

AS :
M, =7~[Z1 +Z, smgo] (45)
with
2, ' . v T Ly T (l=de)
Z, - X2SL02+ 2-X X;S'LO2 2.2e fT 1 (46)
1-X°-5, (K+D-(1-X"-S;,) e —1
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r. 2 Q2 oy Ty T (l=de)
Z, - )2( . X (1+X 2SL02) 2.2 e fr 1 47)
1-X"-5,, (K+1)-(1-X"-S},) e -1
Then the following inequality is obtained:
2 agplim 4.(M"m ?
cosp > ,[1— 2] .4 MVZ 4 1 ( - ) : 12 (48)
Z, Z, AS Z, AS

Considering that the products X*S,0?, Xc*S.e> and X-Xc-S,o are negligible, then (48)
becomes,

2
cosp > |1- (AiSJ (49)
with
2-M;"
o e X 27T =T (50)
(K+1) e -1

that is of the same form with the inequality proposed in STANAG 1008 (see eq. (5)).

Inequalities (44), (48) and (49) define limitation curves on the S-cos@ plane similar to the one
foreseen by STANAG-1008, ehich however, include several parameters of ship electric power
system model such as dc, T, K, K, X¢, X', Sip. Therefore, it can be concluded that S-cos
limitation curve for voltage deviation is not unique as assumed in standards like STANAG-1008,
but it depends on the system model parameters mentioned above which must be taken into
account during the design of the ship electric power system. Inequalities (48) and (49) have
been also developed within time interval te[0,»), while standards, like STANAG-1008, do not
define the respective study time period of the voltage modulation.

In general the respective upper limit for voltage modulation can be expressed by a general
function of the following form:

F,(T,de, X, R, X' ,K,K;,S,,AS,cosp) < M;™ (51)

NUMERICAL ANALYSIS OF FREQUENCY & VOLTAGE MODULATION
IN A SIMPLIFIED SHIP’S ELECTRIC POWER SYSTEM

Simplified Electrical Circuit of a S Frigate Power System

The electric power system of a Hellenic Naval's S frigate consists of 4 generators
Smit/Slikkerver DG 77/48/60 with nominal line to line voltage 450 V, nominal frequency 60 Hz,
nominal apparent power 937,5 kVA, nominal active power 750 kW, nominal power factor 0,80
(ind.) and direct axis transient reactance 0,225 p.u. (for base power equal to the nominal power
of one generator). The load demand of the frigate is usually between 500 to 1500 kVA with a
typical average load of 750 kVA approximately, which is equal to 80% of the nominal apparent
power of one generator. For reliability reasons two generators operate in parallel, while the other
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two can be started in few seconds, if any of the two main generators is shut down or the
demand load exceed a predifened limit.

For the rest of the analysis, the base voltage of the power system is 450 V and the system
base apparent power is 1875 kVA (=2-937,5 kVA/generator). The respective direct axis transient
reactance of the equivalent generator is obtained as 0,225 p.u. according to Millman’s theorem.
If the electromagnetic force, Ef, of each generator are of the same value then the equivalent Er
is also the same. The typical average load of 750 kVA corresponds to 0,4 p.u. of the system
base apparent power. The generator rotor inertia constant (s) J’ of the equivalent generator is
the same with that of a single generator, with a typical value of 4 s.

Taking into consideration that the maximum voltage drop is 6% then the respective
equivalent impedance of the cable can not exceed 0,15 p.u. for a typical average load of 750
kVA, and 0,075 p.u. for a maximum load of 1500 kVA. A typical value of impedance is
considered of 0,0375 p.u.. It is noted that the ratio of impedance / resistance of a E1VV cable
varies from 9,5 for cross-section of 1,5mm? to 1232 for cross-section of 300 mm?. In this
analysis, this ratio is assumed 50 corresponding to the cross-section of 10 mm? and the
respective resistance 50 times smaller of the respective impedance, that is 0,00075 p.u..

Based on the respective theoretical analysis pulsed load period, T, can take any value with
usual values between 1 ms to 10 s, while the duty cycle, d.c., varies between 0% to 100%. The
respective typical values of pulsed period and duty cycle are 1 s and 50%.

The parameters of the frequency regulator (frequency drop R and integral gain Ky and
automatic voltage regulator (proportional K and integral gain K\) can be selected properly so
that no operation problems occur. Respective typical values are: R; =20, K= 10, K=5, K\, = 5.

Modulation Limitations for the Simplified Electrical Circuit of a S Frigate
Power System: Basic Scenario

Based on the theoretical analysis the frequency modulation limit is estimated by ineq. (21)
with M}im = 0.5% (the STANAG-1008 limit) and the respective curve is presented together with

the respective curves of STANAG 1008 for frequency and voltage modulation in Fig. 6. It is
obvious that the unacceptable operating area due to frequency modulation increases, but large
part of it is cancelled by the operating area determined by the STANAG 1008 voltage
modulation (green dotted line). This means that there is an area of S-cos¢ which is allowed by
the STANAG-1008 curves, while it is not allowed by the theoretically obtained frequency
modulation limit curve.

According to the analytical theoretical analysis the voltage modulation limit is estimated by

ineq. (44) with M,Em= 2.0% (the STANAG-1008 limit) and the respective curve is presented

together with the curves of STANAG 1008 for frequency and voltage modulation in Fig. 7. The
respective unacceptable operating area due voltage modulation limit violation decreases
significantly for big values of power factor (cos¢>0,4). While for small values of power factor
(cosp<0,4) the opposite behaviour occurs. This means that there is an area of S-cos¢ which is
allowed by the STANAG-1008 curves, while it is not allowed by the theoretically obtained
voltage modulation limit curve.

If inequality (49) is used with M,l/im = 2.0% (the STANAG-1008 limit), then Fig. 8 is obtained,

where the unacceptable operating area due to voltage modulation limit violation has decreased
more than the previous one for small values of power factor. However, in this case study it can
not be used, as the equivalent impedance of the cables X; is smaller than the equivalent direct
axis transient reactance of the equivalent generator X/, while in inequality (49) Xc>>X' is
assumed .
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FIGURE 8. Power factor vs pulse load apparent power of the approximated voltage modulation for the

basic scenario of the simplified power system of an S frigate.
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FIGURE 9. Power factor vs pulse load apparent power of the frequency modulation and the voltage
modulation of the theoretical analysis for the basic scenario of the simplified power system of an S frigate.

In Fig. 9 the limit curves for the voltage and the frequency modulation are presented together
with the respective ones of STANAG 1008, where the difference between the unacceptable
operating areas between the theoretical analysis and STANAG 1008 becomes aparent.
STANAG 1008 happens to be stricter than the theretically obtained model in case of voltage
modulation, especially for power factor larger than 0.4 in case of frequency modulation is more
optimistic.
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FIGURE 10. Power factor vs pulse load apparent power of the frequency modulation and the voltage
modulation of the theoretical analysis for different values of the time period for the pulsed load of the
simplified power system of an S frigate.
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Modulation Limitations for the Simplified Electrical Circuit of a S Frigate
Power System: Time Period of Pulsed Load

Pulsed load period affects both frequency and voltage modulation. The respective analysis
has been developed for a range of values from 1 ms up to 10 s as following: from 1 ms up to 20
ms with a time step of 1 ms,fro 20 ms up to 100 ms with a time step of 10 ms, from 200 ms up
to 2 s with a step of 100 ms, from 2 s up to 10 s with a step of 1 s.

In Fig. 10 the respective results are presented. The unacceptable operating area due to
frequency modulation limit violation increases for pulsed load period less than 1,5 s, while it
decreases for larger values. The theoretical curve coincides to STANAG curve for T7=0,32s,
approximately. The unacceptable operating area of the theoretical analysis for pulsed load
period greater than 0,32s is larger than the respective one of STANAG 1008.

The unacceptable operating area due to voltage modulation increases for pulsed load period
ranging from 1 ms to 10 s. However, the impact is not significant while the unacceptable
operating area obtained by the theoretical analysis is smaller than the respective one of
STANAG 1008; especially for power factor values greater than 0,5.

Modulation Limitations for the Simplified Electrical Circuit of a S Frigate
Power System: Duty Cycle of Pulsed Load

Pulsed load duty cycle d.c. of affects both frequency and voltage modulation. The respective
analysis has been developed for a range of values from 1% up to 99% with a step of 1%.

In Fig. 11 the respective results for pulsed load duty cycle are presented. The unacceptable
operating area due to frequency modulation limit violation increases until pulsed load duty cycle
becomes equal to 65% ~ 70%; while it decreases for larger values. The theoretical curve
coincides to STANAG’s one for d.c.= 20%, approximately. The unacceptable operating area as
obtained by the theoretical analysis for pulsed load duty cycle greater than 20% is larger than
the respective one as obtained by STANAG 1008.

The unacceptable operating area due to voltage modulation limit violation increases with
pulsed load duty cycle, but the observed increse is small while the unacceptable operating area
obtained by the theoretical analysis is smaller than STANAG’s respective one for power factor
larger than 0,5.

Modulation Limitations for the Simplified Electrical Circuit of a S Frigate
Power System: Generation Rotor Inertia

Generator rotor inertia constant J affects only frequency modulation. The values of this
parameter should satisfy the following inequality according to the respective theoretical analysis
(see inequality (13)):

R2
R2>4-JK,=J < (52)

4'Kf

Taking into consideration that in the basic scenario, R; =20, K; = 10 Hz, then J should be
smaller than 10 s. The respective analysis has been developed for /' values ranging from 0 s
up to 10 s as following: from 0 ms up to 30 ms with a step of 1 ms, from 30 ms up to 200 ms
with a step of 10 ms, from 200 ms up to 9,9 s with a step of 100 ms, from 9,9 s up to 9,99 s with
a step of 10 ms.

124



ISSN: 1791-4469 Copyright © 2012 Hellenic Naval Academy

Power factor

1,0 -
0,9
0,8 ~
0,7 ~
0,6 -
0,5 A
0,4 -

d.c.=

0,3 - —ro .C. ‘ 2
oz Bl °° 5% 65%~70% S o
0,1 A ! !
0,0 T T T T : T T : T T 1
0,00 0,10 0,20 0,30 0,40 050 0,60 0,70 0,80 0,90 1,00
Pulsed load apparent power
—— STANAG frequency modulation limit —— STANAG woltage modulation limit
—— Estimated frequency modulation d.c.=50% —— Estimated wltage modulation d.c.=50%

—— Estimated frequency modulation d.c.=5% —=— Estimated wltage modulation d.c.=5%

—+— Estimated frequency modulation d.c.=25% —+— Estimated woltage modulation d.c.=25%

—x— Estimated frequency modulation d.c.=65% —x— Estimated voltage modulation d.c.=75%

—a— Estimated frequency modulation d.c.=99% —a— Estimated wltage modulation d.c.=99%

FIGURE 11. Power factor vs pulse load apparent power of the frequency modulation and the voltage
modulation of the theoretical analysis for different values of the duty cycle for the pulsed load of the
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FIGURE 12. Power factor vs pulse load apparent power of the frequency modulation and the voltage
modulation of the theoretical analysis for different values of the generator rotor inertia constant of the

simplified power system of an S frigate (0<J’<10 s).
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In Fig. 12, the respective results considering different values of generator rotor inertia
constant are presented. The unacceptable operating area due frequency modulation violation
decreases in a non-linear fashion, as generator rotor inertia increases. For extremely small
values (not met in practice) the respective curve becomes horizontal. The theoretically obtained
limit curve tends to coincide wirth STANAG's one for large values of J/ . Values larger than 10 s
lead to frequency oscillations and they should be avoided [8]. The unacceptable operating area
as obtained by the theoretical analysis is larger than the respective one obtained by STANAG
1008. The effect of J/ is limited practically, as J/ can be calculated easily and it has not
significant variations throughout generator life.

Modulation Limitations for the Simplified Electrical Circuit of a S Frigate
Power System: Frequency Drop of Frequency Regulator

Frequency droop R; applied to the generator frequency regulator affects only frequency
modulation. The values of this parameter should satisfy the following inequality according to the
respective theoretical analysis (see inequality (13)):

2 l '
R:>4-J-K, =R, > 14-J K, (53)

Taking into consideration that in the basic scenario, J'=4 s, K;= 10 Hz , then the R should
be larger than 12,649. The usual values of R; lie between 20 and 100. The respective analysis
has been developed for R ranging from 12,65 up to 150 as following: from 12,65 up to 13 with a
a step of 0,05, from 13 up to 20 with a step of 1, from 20 up to 150 with a step of 5.

In Fig. 13, the respective results are presented. The unacceptable operating area due
frequency modulation limit violation decreases in a nonlinear fashion as Ry increases. The
theoretically obtained curve coincides to STANAG’s one for Ry = 36, approximately. R
practically should be large enough so that the respective unacceptable operation area due to
frequency modulation limit violation be suppressed. However, large values of R can lead to
significant active power generation variations even for small variations of frequency, which is not
desirable for system stability reasons.

Modulation Limitations for the Simplified Electrical Circuit of a S Frigate
Power System: Integral Gain of Frequency Regulator

The integral gain of generator frequency regulator affects only frequency modulation. K
should satisfy the following inequality according to the respective theoretical analysis (see
inequality (13)):

2

2 ' S
Ry >4-J -Kf:>Kf<4'J, (54)

Taking into consideration that, R;=20 and J’ = 4 s for the the basic scenario then K; should be
smaller than 25 Hz. It should also be positive, because, if K=0 then no secondary frequency is
possible leading to a permanent, “steady-state”, frequency error [8]. The folowing analysis has
been developed for Kf ranging from 1 mHz up to 25 Hz as following: from 1 mHz up to 20 mHz
with a step of 1 mHz, from 20 mHz up to 100 mHz with a step of 10 mHz, from 100 mHz up to 1
Hz with a step of 100 mHz, from 1 Hz up up to 24 Hz with a step of 1 Hz, from 24,1 Hz up to
24,9 Hz with a step of 100 mHz.
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FIGURE 13. Power factor vs pulse load apparent power of the frequency modulation and the voltage
modulation of the theoretical analysis for different values of the frequency drop of the frequency regulator
of the simplified power system of an S frigate (Rf>12,65).
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FIGURE 14. Power factor vs pulse load apparent power of the frequency modulation and the voltage
modulation of the theoretical analysis for different values of the integral gain of the frequency regulator of
the simplified power system of an S frigate (0<Kf<25 Hz).
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In Fig. 14, the respective results are presented. The unacceptable operating area due to
frequency modulation limit violation decreases extremely slightly, as K; increases. Practically,
the effect of K;is very limited.

Modulation Limitations for the Simplified Electrical Circuit of a S Frigate
Power System: Equivalent Reactance of Cables

The equivalent reactance of the cables X affects only voltage modulation. Taking into
consideration maximum allowable voltage drop the following analysis has been developed for X,
ranging from 0 up to 0,075 p.u. with a step of 0,005 p.u..

In Fig. 15, the respective results are presented. The unacceptable operating area due to
voltage modulation limit violation increases significantly as X increases. The unacceptable
operating area as obtained by the theoretical analysis is smaller than the respective one of
STANAG 1008 for all power factor values if X¢ is smaller than 0,035 p.u.. However, if X; is
larger than 0,0385 p.u. then voltage modulation limit would not be satisfied for small pulsed load
power factor, as it is obtained by the respective curves.

1,0 Xc= 0,075 p.u.

Power factor

0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00
Pulsed load apparent power

—— STANAG frequency modulation limit —— STANAG wltage modulation limit

— Estimated frequency modulation Xc — Estimated woltage mod. Xc=0,0375 p.u.
—a— Estimated voltage modulation Xc=0,00 p.u. —— Estimated wltage modulation Xc=0,01 p.u.
—x— Estimated voltage modulation Xc=0,02 p.u. —— Estimated wltage modulation Xc=0,03 p.u.
—o— Estimated wltage modulation Xc=0,04 p.u. —— Estimated woltage modulation Xc=0,05 p.u.

—— Estimated woltage modulation Xc=0,06 p.u. —a— Estimated woltage modulation Xc=0,075 p.u.

FIGURE 15. Power factor vs pulse load apparent power of the frequency modulation and the voltage
modulation of the theoretical analysis for different values of the equivalent reactance of cables of the
simplified power system of an S frigate (0< Xc < 0,075 p.u.).

Modulation Limitations for the Simplified Electrical Circuit of a S Frigate
Power System: Equivalent Resistance of Cables

The equivalent resistance of the cables, R, affects only voltage modulation. Taking into
consideration the maximum allowable voltage drop and the proportion between cable reactance
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and resistance the resistance can be 5 to 1500 times smaller than the respective reactance of
usual cable types. Next, the effet of ratio r is investigated, where:

X,
<=£ 55
r<—p (55)
In Fig. 16, the respective results for different values of r are presented. The unacceptable
operating area due to voltage modulation limit violation decreases slightly as r increases (cable
resistance decreases). However, it should be noted that the critical affecting factor is the cable
reactance.

Modulation Limitations for the Simplified Electrical Circuit of a S Frigate
Power System: Equivalent Sub-transient Reactance of Generator

The equivalent sub-transient reactance of the generator, X, affects only voltage modulation.
Taking into consideration the practical limitations for the reactance of a synchronous machine it
should vary from 9% up to 22% p.u. for turbo-generators, from 12% up to 30% for salient-pole
generators with damper winding and from 20% up to 40% for salient-pole generators without
damper winding [12]. The respective analysis has been developed for a range of values from
0,09 p.u. up to 0,040 p.u. with a step of 0,01 p.u..

In Fig. 17 the respective results are presented for variable X’. The unacceptable operating
area due to voltage modulation limit violation increases slightly as X’ increases. The effects of X’
are practically limited as it can be calculated and it constitutes a technical characteristic
throughout generator lifetime.

Modulation Limitations for the Simplified Electrical Circuit of a S Frigate
Power System: Apparent Power of System Base Load without Pulsed Load

The apparent power of system base load S, affects voltage modulation only. S, varies from
0 p.u. up to 1 p.u. theoretically, although in a power system of two generators S; is limited to
0,5 p.u., so that, if one generator is shut down the other generator can take over all the
remaining load. Here, the respective analysis has been developed for S,, ranging from 0,00
p.u. up to 1,00 p.u. with a step of 0,01 p.u.. In Fig. 18, the respective results for different values
of system base load apparent power are presented.

The unacceptable operating area due to voltage modulation limit violation increases slightly
as S;p increases. This is expected under the assumption the system remains stable and
reliable. S;p becomes a crucial affecting factor as it varies during ship power system operation. If
Sio is larger than 0,7 p.u. then voltage modulation limitation criterion would not be satisfied for
small pulsed load power factor values according to the obtained limitation curves.

Modulation Limitations for the Simplified Electrical Circuit of a S Frigate
Power System: Proportional Gain of Automatic Voltage Regulator of
Generator

The proportional gain of generator automatic voltage regulator, K, affects only voltage
modulation. Theoretically, K could take any positive value; however it can not be arbitrarily large
as the ratio K/IKy should be small enough to ensure fast response of the Proportional-Integral
Controller (PID).
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FIGURE 16. Power factor vs pulse load apparent power of the frequency modulation and the voltage
modulation of the theoretical analysis for different values of the respective ratio between equivalent
reactance to equivalent resistance of cables of the simplified power system of an S frigate (5 <r< 1500 ).
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FIGURE 17. Power factor vs pulse load apparent power of the frequency modulation and the voltage
modulation of the theoretical analysis for different values of the equivalent sub-transient reactance of
generator of the simplified power system of an S frigate (0,09 p.u. < X’< 0,40 p.u. ).
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FIGURE 18. Power factor vs pulse load apparent power of the frequency modulation and the voltage
modulation of the theoretical analysis for different values of the apparent power of the system base load
of the simplified power system of an S frigate (0,00 p.u. <S,< 1,00 p.u.).

1,0 -
09 -
0,8
0,7
06 f4
0,5 #4
04 gi
03 &
02 §
0,14
0,0
0,00

Power factor

0,70
Pulsed load apparent power

0,40 0,50 0,60

—— STANAG frequency modulation limit
—— Estimated frequency modulation K
—=— Estimated wltage modulation K=0

—o— Estimated woltage modulation K=15

—— STANAG wltage modulation limit

—— Estimated wltage modulation K=5
—x— Estimated woltage modulation K=1

—= Estimated woltage modulation K=100

FIGURE 19. Power factor vs pulse load apparent power of the frequency modulation and the voltage
modulation of the theoretical analysis for different values of the proportional gain of the automatic voltage
regulator of the simplified power system of an S frigate.
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FIGURE 20. Power factor vs pulse load apparent power of the frequency modulation and the voltage
modulation of the theoretical analysis for different values of the integral gain of the automatic voltage
regulator of the simplified power system of an S frigate.

Here, the following analysis has been developed for K ranging from 0 up to 100 with a step
of 1. In Fig. 19, the results for different values of K are presented. The unacceptable operating
area due to voltage modulation decreases fast and in a nonlinear fashion as K increases. If K is
larger than 16 then STANAG’s voltage modulation constraint is satisfied for any pulsed load.

Modulation Limitations for the Simplified Electrical Circuit of a S Frigate
Power System: Integral Gain of Automatic Voltage Regulator of Generator

The integral gain Ky of generator automatic voltage regulator affects only voltage modulation.
Theoretically, Ky could take any positive value; however as noted above the response time of
the PID Controller depends on the ratio K/K,. Here, the following analysis has been developed
for Ky ranging from 0 up to 100, as following: from 0,01 up to 2 with a step of 0,01 and from 2 up
to 100 with a step of 1.

In Fig. 20, the respective results for different values of K\, are presented. The unacceptable
operating area due to voltage modulation limit violation increases slightly and in a nonlinear
fashion as Ky increases. K, should be positive as for zero value a non-zero voltage “steady-
state” error would occur. It should also be large enough in order to obtain large K/Ky ratio,
ensuring, in this way, fast response of PID controller.

The proper selection of the values of the PID controller parameters is a complex issue higly

related with the dynamics of the of the power system and the generator itself.
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CONCLUSIONS

In this paper, STANAG 1008 design constraints for frequency and voltage modulation have
been examined applying the proper theoretical analysis in a simplified ship power system. The
effects of several parameters such as pulsed load period and duty cycle, the technical
characteristics of the generators and their frequency and voltage controllers, the technical
characteristics of the cables connecting the pulsed load and generator etc, were examined. The
conclusions drawn by the above analysis regarding the significance of the consequent effects
are synoptically presented in Table 1.

TABLE (1). Significance of the effects of various parameters and STANAG shortcomings in the

frequency/voltage modulation for the simplified ship power system.

Modulation Frequency Voltage
A STANAG L STANAG
Parameter Significance - Significance :
shortcoming shortcoming
Pulsed load period Very significant Yes Average Yes (cos@<0,5)
Pulsed load duty cycle Very significant Yes Significant Yes (cos@<0,5)
Generator rotor inertia
Average ~ No -
constant
Frequency drop of frequency Very significant Yes (R<36) No -
regulator
Integral gain of frequency Extremely Yes, special N
= o -
regulator small cases (K0, etc.)
Equivalent reactance of N Extremely
o] - A Yes
cables significant
Equivalent resistance of N
o] - Average ~
cables
Equivalent sub-transient No ) Significant Yes
reactance of the generator
Apparent power of system
base load without pulsed No - Significant Yes
load
Propor_’tlonal gain of the No - Very significant Yes
automatic voltage regulator
Integral gain of the No ) Small 5

automatic voltage regulator

In more detail, the effect of each studied parameter is analyzed next:

Pulsed load period, T: It affects significantly frequency modulation, as the unacceptable
operating area varies non-monotonically within the region of values studied, [1 ms, 10 s],
with a critical value of T being being equal to 1,5s for the case studied (see Fig. 10).
Voltage modulation practicaly is not affected.

Pulsed load duty cycle, d.c.: It affects significantly frequency modulation, as the
unacceptable operating area varies non-monotonically within the region of values
studied, [0%, 100%], with a critical value of d.c. lying between 65%~70% (see Fig. 11).
It also affects voltage modulation but not to the extent in case of frequency modulation.
Generator rotor inertia constant, J': It affects frequency modulation to a limited extent
for practical values. This parameter could not be a design variable as it is a technical
characteristic of generators.

Freqgeuncy drop of frequency regulator, R It affects frequency modulation.
Especially, for small values of R; the effect becomes very significant as the
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unacceptable operating area increases considerably. Large values can be chosen for R
while power system stability issues should be taken into consideration.

¢ Integral gain of frequency regulator, K;: It affects frequency modulation to a limited
extent as this parameter is determined mainly by the other parameters of the generator:
rotor inertia J” and frequency droop, Ry.

o Equivalent reactance of cables, X: It affects only voltage modulation. The respective
effect becomes extremely significant, as the increase of this parameter enlarges the
unacceptable operating area. X, could vary into a wide range of values, as it depends on
the connection point of the different electric consumers and the equivalent reactance of
each consumer which varies with time.

o Equivalent resistance of cables, R: It affects voltage modulation to a limited extent, as
it is usually equal to 1/100 up to 1/50 of the respective cable reactance. Its effect is
rather degraded by cable reactance effect.

o Sub-transient reactance of generators, X': It affects voltage modulation to a significant
extent as the increase of X’ enlarges the unacceptable operating area. This parameter
could not be a design variable as it is a technical characteristic of the generators.

o System base load apparent power, S, : It affects voltage modulation to a significant
extent as the increase of S,y enlarges the unacceptable operating area in a nonlinear
and monotonical fashion. It varies significantly with time as it depends on the variation of
the demand of the electric consumers.

o Proportional gain of equivalent generator automatic voltage regulator, K: It affects
voltage modulation to a significant extent as the increase of K reduces considerably the
unacceptable operating area. This parameter is a technical characteristic of generator
controller.

o Integral gain of generator automatic voltage regulator, K,: It affects voltage
modulation to a rather limited extent. This parameter is a technical characteristic of
generator controller and its value is selected taking into consideration the technical
characteristics of the generators, voltage variation limit and the controller response.

The above analysis has proved that the S-cosf limitation curve proposed in STANAG 1008 is
not unique. Furthermore, it is observed that the examined parameters of the power system
model display in a non-linear fashion the S-cosf limitation curve. Under these circumstances it
seems necessary that the aforementioned parameters (Table 1) affecting voltage and frequency
modulation should be taken into consideration in future standards dealing with power quality
issues in ship electric power systems.

The theoretical analysis which has been synoptically presented above aims to provide an
answer to this problem. Alternatively, the whole power system should be simulated for different
operation conditions so that the respective limits for frequency/voltage modulation be obtained.
The presented work aims to be the motivation for further research on the topic and to provide
general directions to follow for ship electric systems design issues dealing with pulse load
integration.
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