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A Novel 5G TDD Cellular System Proposal
based on Multipath Division Multiple Access

Wei-Han Hsiao, Chia-Chi Huang

Department of Electrical and Computer Engineering, National Chiao Tung University,
Hsinchu, Taiwan, ROC
whsiao.cm97g@g2.nctu.edu.tw, huangcc@faculty.nctu.edu.tw

Abstract—Evolving from the 3G and the 4G communication
systems, the 5G system demands both high system capacity and
high data rate. A novel time division duplexing (TDD) cellular
system based on multipath division multiple access (MDMA)
with massive antennas in millimeter wave band is proposed in
this paper. The system is built on multipath division multiple
access which is a method to use massive antennas at BS along
with the Rake receiver and the Pre-Rake transmitter to achieve
a processing gain for suppressing multiple access interference.
The system concept isdemonstrated by computer simulations. In
addition, theassociated transceiver architectureand a TDD time
dlot structure are presented for practical system concerns.
Moreover, it is shown through analysis that the total average
data throughput equals 3.8 Gbps and the system can achieve a
bandwidth efficiency of 19 bps/Hz/cell on 200 M Hz transmission
bandwidth.

Keyword—5G communication,
antennas, millimeter wave, TDD

celular system, massive

|. INTRODUCTION

ecently, many studies have sprung up in theworld [1]-[8]

for 5G systems. According to the IMT-2020 released in
2015 [9], dringent system requirements are specified for
future 5G systems. On thelink level and system level, the next
generation 5G mobile radio communication system demands
both the high data rate and high system capacity.

Potential technologies for the future 5G system are in the
scope of heterogeneous networks, millimeter wave (mmWave)
transmission, and massive multiple-input multiple-output
(massive MIMO) antennas [8]. The first scheme basically
evolves from the Long Term Evolution (LTE) and alows
different kinds of cellsto function and cooperate in the same
geographical area. The second scheme makes use of the
unexplored spectrum in the millimeter wave band since it not

Manuscript received October 24, 2016. This work is a follow-up of the
invited journal to an accepted out-standing conference paper of the 18t
International  Conference on Advanced Communication Technology
(ICACT 2016). This research is supported by the Ministry of Science and
Technology (MOST) of R.O.C.

W. H. Hsiao is with the Department of Electrical and Computer
Engineering, National Chiao Tung University, N0.1001, Daxue Rd., East
Dist., Hsinchu City 300, Taiwan (R.O.C.) (Corresponding author, Phone:
+886-3-5712121 ext. 54579; e-mail: whsiao.cm97g@g2.nctu.edu.tw).

C. C. Huang is with the Department of Electrical and Computer
Engineering, National Chiao Tung University, N0.1001, Daxue Rd., East
Dist., Hsinchu City 300, Taiwan (RO.C) (e-mail:
huangcc@faculty.nctu.edu.tw).

only avoids frequency spectrum congestion problem below 6
GHz but also provides enough bandwidth for high data rate
transmission. Nevertheless, it leadsto the inherent problem of
much larger propagation lossin much higher frequency bands.
The third approach considered employs a large amount of
antennas at BS side [10]-[16], usually tens to hundreds of
antennas, that offers substantial degrees of freedom for
baseband signal processing. Combining millimeter wave
transmission with the massive antennas at BS side, this paper
presents a multipath division multiple access (MDMA) [17]
time division duplexing (TDD) cellular system that is able to
provide both the high data rate and high system capacity.

Contributions of this article are briefed in the following. A
novel cellular system built upon MDMA for the 5G mobile
communication is proposed. In the uplink (UL), MDMA
distinguishes its users by exploiting their distinct multipath
characteristics through employing RAKE receivers with
massive antennas at BS. Similarly, the Pre-RAKE precoding
technique with massive antennas is adopted at BS in the
downlink (DL). Moreover, every user termina (UT) is
equipped with single antenna that greatly alleviates the signal
processing burden. Itis shown in Section |11 that both system
capacity and the aggregated data rate can be boosted up to an
appreciable extent. Thus, the proposed MDMA TDD cellular
systemis a promising candidate for future 5G systems.

The paper is organized as follows. Section Il gives the
radio system architecture, including the transceiver
architecture, the associated time dot structure, and a
simplified analysis. Section |11 uses computer simulations as
an auxiliary method to illustrate the system concept and
providesasimplified analysisto verify the performance of the
MDMA system. Finaly, the paper completes with
conclusionsin Section V.

[1. SYSTEM ARCHITECTURE

The proposed MDMA cellular system layout is shown in
Fig. 1, which operates on the premise of the following
assumptions.

1) The system exploits massive antennas operating in the
mmWave band, e.g., 30GHz, such that the size of each
antenna (e.g., dipole antenna) is very small.

2) The BS antennas are separated by every other 10
wavelengths (at least) to make their received signals
nearly uncorrelated [18]. For example, if we arrange 100
antennasin atwo-dimensional square grid, then the total

Copyright © 2016 GiRI (Global IT Research Institute)
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Fig. 1. The proposed MDMA 5G cellular system layout.

area occupied is about 1 m? which can be easily
deployed in real environments.

3) Channel bandwidth of 200 MHz is assumed in our
system. With such wideband transmission, the rich and
distinct multipath components of each individual user
can be resolved, which helps to distinguish al the users.

4) Timedivision duplexing (TDD) isadopted here, thuswe
assume channel reciprocity in uplink and downlink
transmissions.

5) UL channel state information (CSl) is known a BS
through channel estimation, which can also be used for
precoding in DL transmission.

6) Power control isexecuted inthe uplink, i.e., the received
power level of each user at BSis nearly equal.

7) A UT isawaysserved by the base station that providesit
with the largest received power level.

8) Theproposed cellular systemisinterference limited, i.e.,
the background noise can be ignored as compared with
the interferences.

The equalization of the channel is done in both time and
space domains via the Rake receiver and Pre-Rake [19]
transmitter in the uplink and downlink, respectively. This
leads to a huge signal-to-interference plus noise ratio (SINR)
gain for each user when massive antennas are used in the BS.
Theresultant spatial processing gain isanalogousto aCDMA
system’s processing gain and is effective in suppressing
intersymbol interference (1Sl), multiple access interference
(MAL), and cochannel interference (CCl).

A.  Uplink Transceiver Architecture

Fig. 2(a) shows the block diagram of the uplink MDMA
transceiver [17]. Consider a multi-user scenario with K
single-antenna users and an M-antenna BS in each cell.
Assume the binary phase shift keying (BPSK) modulation is
used. Thenthetransmit databit stream of user k can be written
as

st =Y s (Mst-nT,), k=12.K, (1)

where the superscript u, 6(-), and T, denote the uplink
transmission, the Dirac delta function, and the bit time,

respectively. Assume the transmit power E s‘j(t)|2 =1 for

simplicity, where E is the expectation operator.
The multipath channel between the kth user and the j-th BS
antennais

m(t):i%a(t—%), k=12.K.j=12.M, (2

where a4 and 7 represent the complex gain and the delay of
the I-th path. For normalization, we assume the power

S 2
gam;E|aM| =1.

Thus, the received signa at the j-th BS antenna from the
k-th user reads

wmziz%mewmm$m o

=5 O®pt)®hy(t),
where p(t) is the impulse response of the transmit filter
with J'°° p’(H) dt = 1and ® denotes the linear convolution

operator.
Hence, the output of the k-th user’s Rake receiver at thej-th
BS antenna equals to

Uy ) = Vg (1) + g‘vqi t) + CCl + nj(t)
® Z o)., p (-t —17.)

LD ® pH @M + > M) B piv) ® h, M

gq=k

+CCl + n, )
® p'(-t) ® hy(-),

©)

where nj(t) is the additive white Gaussian noise at the j-th BS
antenna and the cochannel interference (CCl) comes from
other cells. Note that the Rake receiver here is represented by

p'(-t) ® (-t) , where * denotes the complex

conjugation.
Finally, the BS detects the n-th data bit of user k according

M
to the decision metric D u, () att=nTp.
=

B. Downlink Transceiver Architecture

Fig. 2(b) shows the corresponding block diagram of the
downlink transceiver. The data bit stream of each user is
precoded by the Pre-Rake transmitter for each BS antenna.
Meanwhile, the required CSI is obtained through uplink
channel estimation and it is used for Pre-Rake precoding. It is
worth noting that the Pre-Rake precoding moves the
equalization effort to the BS transmitter that helps to reduce
the complexity of the UT receiver.

Copyright © 2016 GiRI (Global IT Research Institute)



ICACT Transactions on Advanced Communications Technology (TACT) Vol. 5, Issue 6, November 2016 938
White
Gaussian noise
data bit stream O , l
of user k - ‘ ! (1) u,, (1)
?”“"“?” 44— Channel to Antenna 1 ——3{ > Rake Receiver for Antenna 1 2
filter p(1) ! ! T
T Send to Downlink
MAT and CCI ) ’ i
R Channel Transmitter
Estimation
White
Gaussian noise
A (1) ,L 1 (1)
, Channel to Antenna 2 ! Rake Receiver for Antenna 2
e ; f
MAT and CCI i Send to Downlink t =T,
Channel Transmatter
. "| Estimation 4 7i
) White :
Gaussian noise .
_______________________ .
! Va (0) ,l ) 1y, ()
L Channel to Antenna M T ] Rake Receiver for Antenna M
e o
MAT and CCI 1 Send to Downlink
Channel Transmitter
Estimation
< L] > >
UT Transmitter Channel Base Station Receiver for UT &
@
White
Gaussian
noise and CCI
t = nT,
data bit stream of user k x,, () TTTTTTTTTTT T ! Receive >S
*| Pre-Rake Transmitter for Antenna 1 > * Channel from Antenna 1 — ! . —_—
T L filter p™(-1)
. L () (fr th
Channel Estimation from ;xﬂ( ) (from other users)
Uplink Receiver for Antenna 1
X, (1) TTTTTmTmmmmmm |
— Pre-Rake Transmitter for Antenna 2 — p—» Channel from Antenna 2!
1 |
Channel Estimation from ;xﬂ(r} (from other users)
Uplink Receiver for Antenna 2
. "‘kﬁ{ (t T : 7777777777777777777777 |
—>| Pre-Rake Transmitter for Antenna M 'Channel from Antenna M——r7——

T

Channel Estimation from
Uplink Receiver for Antenna M

> X, () (from other users)

=k

Y
A
v

A

Base Station Transmitter for UT k

Y
A

Channel

(b)

Receiver for UT &

Fig. 22 MDMA transceiver architecture for (a) uplink and (b) downlink.

Copyright © 2016 GiRI (Global IT Research Institute)



ICACT Transactions on Advanced Communications Technology (TACT) Vol. 5, Issue 6, November 2016

The output of the user k’s Pre-Rake transmitter for antenna
jis

X (1) =) ® p () ®h; (1)
= ZL:Za[[q. P (t+7, —NT,)s (),

I=1 n
where the superscript d denotes the downlink transmission.

()

K
Thus, the transmitted signal at the j-th antenna isz X% (t)
k=1

i.e., the sum over all the users’ Pre-Rake transmitter outputs
for the j-th BS antenna.
In the user terminal, the data is detected by sampling the
received signal at the correct sampling time and making
decisions accordingly.

C. Smplified Analysis

An analysis of the single cell scenario is considered here
from link level point of view while the multi-cell scenario is
discussed in Section I11 from system capacity point of view.

Since the Rake reception and the Pre-Rake transmission
provide the same signal-to noiseratio (SNR) asproved in [19]
for single BS antenna case, we only show here the uplink SIR
performance of the system with massive antennas at BS.

Assume user k representsthe desired user. Insert (3) into (4)
and neglect MAI, CCl and noise terms for now, we get

u® = [~ [Z D o p(A - me)sK(m)J

I=1 m
L

X (Z a,*,kjp*(—t + A - rl,kj)J da.
=1

Here, we use a bandlimited filter p(t)=isinc(iJ

g
sinceit satisfies not only .[x p?(t) dt = 1 but also the Nyquist
i € Z , whered[n]is the

(6)

criterion, i.e, pg(iT) = Jlil,
Kronecker deltafunctionand p, (1) = p(tH) ® p'(-b).
Thus, sampling (6) at t = nTy, resultsin

u, (nT,) = ji (Z > P -1 - me)s;‘(m)j

I=1 m

L
x [z al P (-nT, + A - qu)] di
1'=1

0 L 2 2
= [\ el PG -7,
I=1

=s/(n +1Sl. (7
The last equality holds due to wideband transmission, say

L
200 MHz in our system. That is, "~ |a |2 =Y E|a, |2 =1

1=1

- nTb)s;‘(n)jd;t + 1S

for large L. Combine coherently all the Rake receiver’s
outputs and sample at time nTy for user k, one can get the
desired signal as Ms/(n) , i.e, the desired signal power
becomes M ? times of that in the single-antenna case.

Since the interference mainly comes from other usersin the
same cell, i.e., MAI can be modeled as

z(t)= Zqu(t)® p(t) ®h, (t) ®h; (1) ® p’(-t)

j=1g=k
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Fig. 3. The proposed time slot structure

M

ZZ S @[ pt)® p'(-t) |@ hy () ®h (1)

M
=225 O® py OO O Oh; (1) . ®
j=1g=k
Due to the channel’s randomness and normalization among
al users, the interference power from MAI in (8) can be

calculated as M (K —1) according to [23, p.5]. Note that we

assume the channel has unit power gain. In fact, theresultisa
direct consequence of the noncoherent addition of the
interference terms over al receive BS antennas.

We can easily calculate the equivalent E, /I, of each user

and theresult isapproximately equal to M/ K when M islarge.
Since massive antennas are used at BS, the equivalent E, /I,

could be boosted up to arequired amount. In other words, the
end-to-end equivalent channel of each user gradualy
approaches an ideal channel, an impulse-like channel, when
M is large. Thus, M is the processing gain which can be
offered by the MDMA cellular system. Similarly, an equal
amount of processing gain can be achieved for each DL user
through Pre-RAKE precoding.

D. TimeSot Sructure

Sincethe channel coherencetime at acarrier frequency of 1
GHz and avehicle speed of 100 knv/hr isroughly 600 xst [20],
the corresponding coherence time at 30 GHz is about 20 us,
because it is inversely proportional to the carrier frequency.
Therefore, the system we considered needs to estimate the
channel with atime period of 20 us. Fig. 3 showsthe time slot
structure of the TDD cellular system. A time dot (TS)
duration of 10us amounts to 2000 bits for both UL and DL.
Two DL time dots directly follow two UL time dots.
Together with the datasignal, the UL time slotsalso transmit a
pilot signal with the same power level asthe datasignal for the
purpose of channel estimation. Furthermore, a 10 us
processing time is reserved such that the channel estimation
result inthefirst UL TS can be used for the first DL TS while
the second UL TS channel estimation result is used for the
second DL TS, asthe red arrows point out in Fig. 3. Although
this pilot-added approach inevitably causes extra interference
for UL data detection, advanced signal processing techniques
such as iterative cancellation can be applied to reduce the
interference effect. The relevant channel estimation and
interference cancellation techniques, out of the scope of this
article, are treated in another paper.

1 Recall that the packet duration in GSM is577 us, in thistime period the
channel can be regarded as quasi-static at a vehicle speed of 100 km/hr in 1
GHz band [20].
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I1l. COMPUTER SIMULATION AND SYSTEM CAPACITY
EVALUATION

In the computer simulations which are used to illustrate the
MDMA cellular system concept, we modify the SV channel
model according to the spatial parametersgivenin[21]. First,

we generate the number of clusters by the Poisson distribution.

Then, the arrival time of the different clusters is set to be
uniformly distributed within the maximum delay spread, e.g.,
404.1 ns[22]. Second, we calculate the power of each cluster
using the model of [21]. Third, we generate the inter-arrival
time of each ray within individual cluster according to the
exponential distribution. Finally, we calculate the power of
each ray. In addition, the time resolution of multipath in our
5G system is equal to 5 ns (due to 200 MHz channel
bandwidth), which is the same as the time resolution in the
original SV model. Thus, the path delay is quantized to the
nearest integer multiple of 5 ns. Note that a ray will be
dropped when its power is less than a predefined threshold,
e.g., 10 dB below the strongest path. A redlization of the
channel impulse responseis plotted in Fig. 4.

Fig. 5 shows an effective end-to-end channel of a desired
user in asingle cell which serves 25 users simultaneously. The
effective end-to-end channel of user k is defined here as the

M K
discrete-time version of > > h, (1) ®h; (-t) . It is apparent
j=lo=1
that as the number of BS antennasincreases, the interferences
get more suppressed relative to the desired signal, which
agrees with the simplified analysis in Section |1 C when M
grows large. That is, the interferences including MAI and IS
can be suppressed with a large number of BS antennas.
Moreover, the power of the desired signal is nearly M 2 times
as expected.

Fig. 6 plots the cumulative distribution of the uplink
receive SIR with 100 BS antennas and different number of
usersin a multi-cell scenario. In the simulations, the cellular
system is constructed with 127 hexagonal cells (each with a
radius of 250 m) which include 6 tiers of cochannel cells. For
simplicity, assume uplink channel isknown at BS in advance.
Some observations can be made here. First, it can be observed
that the mean of receive SIR is proportiona to M / K which
matches the ssimplified analysis result in the previous section.
Similarly, the SIR distribution gets improved as the ratio of
M / K increases. On one hand, the mean of the receive SIR is
lessthan M / K by afactor of 2/ 3 (-1.7 dB) which is caused by
all the other cell interference. On the other hand, variations
around the mean of the receive SIR diminish as the number of
users increases due to the law of large numbers. That is, the
receive SIR convergesto its mean asmore users are served in
the system. Fig. 7 plots the cumulative distribution of the
downlink receive SIR. Again, it reveals that the mean of
receive SIR is proportional to M / K as in the downlink.
However, thereceive SIR distribution isworse than the uplink
case since higher tail probability can be observed. This is
because there is no power control in the downlink, which
causes more serious cochannel interference problems.

Here, we define foe to be the other-cell relative
interference factor for the worst 1% in the SIR cumulative
distribution functions, i.e., the probability that the SIR value
exceeds a predefined SIR threshold is greater than 0.99. In
[24], foew is found to be 0.7 in the uplink with power control,
while it is relatively larger and is about 3.6 in the downlink

940

without power control. By examining the initial portion of
Fig. 6 and Fig. 7 closely, we found these values (fgoy = 0.7 or
3.6) are consistent with our simulation results with hexagonal
cell layout, such that they are applied here.

Toward the MDMA TDD cdlular system, a simple
evaluation of its system capacity is given here. Recall that the
system considered operates in the carrier frequency of 30
GHz with a channdl bandwidth of 200 MHz, and has a
frequency reuse factor of one. Also note that K and M are the
number of users in a cell and the number of BS antennas
respectively. Assume BPSK modulation and ideal power
control in the uplink. In the worst case, the system is in full
loading, i.e.,, K users are transmitting concurrently. In this
situation, the SIR at each user’s demodulator output is thus

E, .S M? 1 M N 1
K-1 1+ fg,

— = X
oy, 1 M(K-D 1+ fy,

I

’

9)

where E, and |o represent the received energy per bit and the

interference power spectrum density. Sand | are respectively
2

the average signal power and interference power. MK 1)
comes from the fact that the desired signal of each BS antenna
adds coherently while the interference sums up
noncoherently.
Rearranging (9) leads to
M 1

X H
Eb/IO 1 + f99%
which gives an elegant formula to calculate the number of
usersthe BS can serve under therequired Ev / loat each user’s
demodulator outpuit.

We consider first data transmission in the uplink time slots
as described in Section |1 with half power allotted to data and
pilots. Assume a minimum Es / 1o of 6 dB for data detection
that provides the acceptable performance [23, pp.8], 300 BS
antennas can serve 22 full loaded users in every cell

simultaneoudly, since 30 X 1 x 1 ~ 22, where the
4 1+07 2

last one-half factor counts for the reduction in SIR due to
uplink pilots. Now we consider transmission in the downlink
time dlots. Since there are no pilots used in the downlink, the
total number of simultaneous users which can be served turns
1
1+3.6
of simultaneous users can be greatly increased if they are not
full loaded.
Since each user in the cell shares the whole 200 MHz
bandwidth, the proposed TDD cellular system can at least
provide a total average data throughput of 200 Mbps x

K

I

(10)

out to be ? X = 16. Inareal system, the number

(22+16)x%=3.8 Gbps . Thus, the system achieves a

bandwidth efficiency of 19 bps/Hz/cell.

Note that the system capacity can be further enhanced if
multi-user detection techniques (e.g., successive interference
cancellation or paralel interference cancellation) are used to
eliminate intra-cell interference. The system capacity can be
increased since the factor 1 / (1+foew) in (10) could be
replaced by 1/ fagy if the intra-cell interference can be totally
cancelled.
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IV. CONCLUSION

The next generation (5G) cellular communication system
demands both high system capacity and high data rate. A
novel celular system architecture built upon MDMA is
proposed for the future 5G cellular mobile communication.
MDMA is a multiple access method to use massive antennas
at BS together with the Rake receiver and the Pre-Rake

w— 2 USRLS

4 users

Probability(SIR < Abscissa)

=8 users
— 16 users
— 32 users

5 ) {1} I3 20
SIR in dBB

Fig. 7. Thecumulative distribution of the downlink receive SIR with 100 BS
antennas and different number of active usersin a multi-cell scenario.

transmitter to achieve a processing gain to suppress multiple
access interference in a TDD cellular mobile radio system.
The transceiver architecture and the TDD time dlot structure
are described in the article. On the other hand, the user
terminal iskept simple because only single antennais used for
every user. From simulations and simple analysis, it is shown
that both system capacity and aggregated data throughput can
be boosted up to a considerable level for a cellular system
with afrequency reuse factor of one. The system can serve on
average 19 (= (22+16)x0.5) usersin each cell with the total

average data throughput of 3.8 Gbps on 200 MHz
transmission bandwidth which achieves a bandwidth
efficiency of 19 bps/Hz/cell. In brief, the proposed MDMA
TDD cellular system can serve as a candidate system
architecture for future 5G wireless communication.
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Abstract—I n this paper, we analyze the effects of interference
between Korea’s ultra-high definition TV broadcasting system
and Japan’s intelligent transport system using the 700 MHz
frequency band when considering a practical deployment of
both systems. We performed Minimum Coupling Loss (MCL)
method to evaluate how much interference from the Korean
UHDTYV system is imposed on the Japan ITS system. We also
employ the Advanced Propagation Model (APM) and ITU-R P.
452-15 model to calculate the propagation loss occurring in
ducts. Our study can be applied to the deployment planning for
each system with an interference impact acceptable to both
parties.

Keyword—DVB-T2, ITS, Interference, Ducting

I. INTRODUCTION

any countries converted their analog TV systems into

digital TV (DTV). The South Korean government also
alocated CH 14 through CH 51 (470-698 MHz) for DTV use
[1] and recently determined to alocate additionally 30MHz
(698-710 MHz and 753-771 MHz) for ultra-high definition
TV (UHDTV) use [2]. Severd broadcasters did test
broadcasting with Digital Video Broadcasting-Terrestrial
version 2 (DVB-T2) standard. But recently the Korean
government picked the Advanced Television Systems
Committee (ATSC) 3.0 standard for ultra-high-definition
(UHD) television broadcasting set to launch next year [3].

In Japan, digital terrestrial TV broad-casting service is
available at 460-710 MHz on the UHF band using the ISDB-T
standard and a9 MHz channel width in the 755.5-764.5 MHz
radio frequency band will be used for Intelligent Transport
System (ITS). It is the realization of safe driving support
systems to reduce the number of traffic accidents. The 700
MHz frequency band is known for its good propagation
characteristics in non-line-of-sight conditions such as behind
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buildings or large vehicles [4]. The 755.5-764.5 MHz
frequency band partially overlaps with Korean UHDTV
frequency band.

Although Korean UHDTV system and Japan ITS system
are located with a sufficient separate distance, the potential
interference would be produced. A few years ago, radio
interference began to occur in the Trunked Radio Service
(TRS) frequency band in the southern coastal area of Korea
[5] and similar interference has also been observed in the
mobile communication frequency band [6]. Monitoring such
radio interference found that its main source was the ducting
of radio signals produced in the coast of Japan.

The ducting of an RF signal is caused by an atmospheric
anomaly known as temperature inversion. A layer of ice cold
or very hot air traps the RF signal and guides it to a farther
distance than expected through an anomalously formed duct.
These ducts can extend to hundreds or even thousands of
miles. Once trapped, the ducted signal may cause interference
to distant wireless systems [7]. As the height and duration of
the duct layer are not constant, it is difficult to predict the
effects of this type of interference. To alow better radio
communication services, we need to be able to predict the
effects of interference and study a method of coexistence
between the two countries.

In this paper, we anayze the effects of interference
between UHDTYV servicesin Koreaand I TS service in Japan
at the 700 MHz frequency band. We focus particularly on an
interference scenario of Korea’s UHDTYV to Japan’s ITS, as
this type of interference is more serious than the other
interference scenario. Korean UHDTV is assumed in
DVB-T2 system and the Minimum Coupling Loss (MCL)
method is used for the interference analysis between fixed
stations. We also employ the Advanced Propagation Model
(APM) and ITU-R P. 452-15 model to caculate the
propagation loss occurring in ducts. To protect against
interference between Korean and Japanese radio signals, the
required additional attenuation loss according to the
UHDTV’s antennatilt degree is al so calculated.

This paper is organized as follows. In section I,
interference scenarios and the interference analysis method
are described. In addition, the propagation model used are
presented. The simulation parameters and results are
presented in section I1l. Finaly, some concluding remarks
regarding our proposal are provided in section V.
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Il. INTERFERENCE SCENARIO AND METHODOLOGY

A. Interference scenario

Fig. 1 shows a scenario for interference analysis from
Korea’s DVB-T2 system to Japan’s ITS system. We assumed
that Korea’s DVB-T2 site transmits signal s using the 759-765
MHz frequency band and Japan ITS system has a 9 MHz
channel bandwidth using 755.5-764.5 MHz frequency band.
Thedistance between K orea and Japan ranges from about 240
to 300 km, we assumed the separate distance between two
systemsis 240 km.

Japan ITS systems are supposed to consist of two types of
systems: vehicle-to-vehicle communication systems that
support safe driving by inter-vehicular radio communications
at intersections with poor visibility, and roadside-to-vehicle
communication systems that support safe driving by sending
information from roadside units of traffic infrastructure to
vehicles through radio communications [4]. We considered
only roadsi de-to-vehicle communication systems that vehicle
transmit the signal to roadside units. We evaluated whether
the received interference power at the antenna of Japan’s ITS
receiver satisfies the maximum allowable interference power.

Fig. 1. Interference scenario between Korea’s DVB-T2 and Japan’s ITS

B. Methodology for an interference analysis

The possibility of frequency spectrum sharing depends on
whether the received signal-to-interference plus noise ratio at
the antenna of victim receiver satisfies the minimum
signal-to-interference plus noise needed to process (vice just
detect) asignal.

Ps—(Py+R)=3NRy, D

where Py is the received wanted signal power from
vehicle’s transmitting signal, P is the thermal noise power
of thereceiver and P, isthereceived interfered signal power

from Korean DVB-T2 transmitting signal.
The received interfered signal power from Korean
DVB-T2 transmitting signal is expressed by [8]

R =R+G +G, —PL(d) 2

where P, isthe transmit power of the interfering systemin
the reference bandwidth in dBm, G, is the gain of the
interferer antennain the direction of thereceiver indBi, G, is

the gain of the victim receiver antennain the direction of the
interferer in dBi, PL(d) is a basic transmission loss for

separation distance d between the interferer and receiver in
dB.
The receiver thermal noise power is given by

P, =10l0g,(KTB) + NF 3)

where k is Boltzmann’s constant (W/K/Hz), T is the
ambient temperature (K), Bis the channel bandwidth (Hz),
and NF is the receiver noise figure (dB). For
k=1.3804 x1072%, T=290 and NF=6dB,
Py = —108dBm/ MHz .

In aninterference-limited environment, equation (1) can be
approximated as follow

we have

Ru+R ~R @

The tolerable interference signal power can be determined
using the following equation

Pl,taga < PS_SNRn'n (5)
The required additional attenuation loss (L, ), in dB, of
the interfering system on the victim system can be determined

using the following equation [8]:

L.=R _Pl,target (6)

R tage IS the tolerable, or target, interference power at

* thereceiver.

C. Propagation model for path loss calculation

The basic transmission loss is the most important factor to
predict the interference level and determine the additional
required attenuation loss. For a calculation of this basic
transmission loss occurring in a duct, we used ITU-R
P.452-15 [9] and hybrid propagation model caled an
Advanced Propagation Model (APM).

ITU-R P.452-15 is a prediction method for the evaluation
of interference between stations on the surface of the Earth at
frequencies from about 0.1 GHz to 50 GHz, accounting for
both clear-air and hydrometeor scattering interference
mechanisms. The models within Recommendation 1TU-R
P.452 are designed to calculate propagation losses not
exceeded for time percentages over the range 0.001
<p<50%. This assumption does not imply the maximum
loss will be a p=50%. The method includes a
complementary set of propagation models which ensure that
the predictions embrace al the significant interference
propagation mechanisms that can arise. Methods for
analyzing the radio-meteorologica and topographical
features of the path are provided so that predictions can be
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prepared for any practical interference path falling within the
scope of the procedure up to adistance limit of 20000 km[9].

APM ismuch faster than split-step parabolic equation (PE)
method, yet it requires far less memory and can be used in
wider applications. APM considersfour regionsshownin Fig.
2. Atrangeslessthan 2.5kmand for all elevation angles above
5°, APM uses aflat earth (FE) model region. For beyond the
FE region, where the grazing angles of the reflected raysfrom
the transmitter are above asmall limiting value, the ray optics
(RO) model is used. The PE model is used for ranges beyond
the RO region, but only for altitudes below a maximum PE
altitude as determined by the maximum allowed 1024-point
Fast-Fourier transform (FFT). For ranges beyond the RO
region and heights above the PE region, an extended optics
(XO) method is allowed, which can operate at the maximum
PE altitude [10].

height

r

Flat Earth

Extended Optics

Ray Optics

Parabolic Equation

> range

Fig. 2. Advanced Propagation Model(APM)

1. SIMULATION RESULTS

A. Smulation parameter

We considered a scenario of the interference between
Korea’s DVB-T2 and Japan’s ITS, where DVB-T2 and ITS
are deployed at the shores of Korea and Japan. We simulated
only the interference effect from Korea’s DVB-T2 station to
Japan’s ITS road station. Table | and Il present the
operational system parameters for the DVB-T2 and ITS
systems used for simulation, respectively. We consider the

TABLEI
DVB-T2 SYSTEM PARAMETERS FOR SIMULATION
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TABLEII
ITS SYSTEM PARAMETERS FOR SIMULATION
Parameter Value
Center frequency 760MHz
Channel bandwidth 9MHz
Vehicles radiated power 20dBm
Road-side antenna height 7m
Road-side antenna gain 13dBi
Road-side noise figure 6dB
Minimum SNR 13dB
Vehicle antenna height 3m
Vehicle antennagain 0dBi

DVB-T2’s channel bandwidth to be 6 MHz and the
transmitting power to be 5 kW. Hwang-Ryeong Mountain was
chosen as Korean DVB-T2 site, which located near Japan.
The vertical pattern of the DVB-T2 antenna [11] was shown
inFig. 3. We consider the channel bandwidth of ITS systemto
be 9 MHz and the vehicles transmitting power to be 200 mw.
We aso assumed 7m as the Road-side antenna height and
13dB minimum SNR asthe protection ratio. Also we consider
the Road-side noise figure is 6dB. A free space propagation
model is used to calculate the path loss between ITS’s vehicle
and ITS’s roadside.

An ITU-R P.452-15 propagation model and APM are used
to calculate the path loss between Korea’s DVB-T2 and
Japan’s ITS and Table Ill shows the path loss using the
P.452-15 model. Table IV shows the modified refractivity
index of Pohang provided by the WMO station. The values
represent a surface-based duct and elevated ducts in June.

0

=]
T

relative gain(dB)
5 \
T

20 |

25 ! 1 I I
0 20 40 60 80

elevation angle(degree)
Fig. 3. DVB-T2’s antenna vertical pattern

a TABLE Il
Parameter Value PATH LOSSUSING ITU-R P.452-15
Center frequency 762MHz Time rate(%) Path loss(dB)
Channel bandwidth 6MHz 1 144.2dB
Transmitting power 67dBm 10 172.8dB
. . 50 179.6dB
Antennagain 10dBi
Antenna height 450m TABLEIV
Distance 240km MODIFIED REFRACTIVITY-WMO DATA
Modified refractivity WMO data Height(m) Modified refractivity
tilting 0°~9° 0 337
: 16 339
L o 15y
ocation 35° 15’ 80 17 243
129° 08' 22" 72 334
Antenna pattern horizontal omni 1933 559
) 2055 551
vertical ITU-RF. 1336 3054 661
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Fig. 4. Path loss between Korean DVB-T2 and Japan ITS using APM
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Fig. 5. Path loss versus receiving antenna height

B. Smulation result

The propagation loss using APM for variation of the
distance between Korea’s DVB-T2 and Japan’s ITS is shown
in Fig.4. The propagation loss appears to increase as the
distance isincreased and the propagation loss by ducting may
be smaller than the free space loss.

Fig. 5 shows the propagation loss for variation of receiving
antenna height when the distance between two countries is
240 km. The propagation loss appears to have an abnormal
value near the receiving antenna height of 50m and the
propagation loss below the height of 75m is smaller than the
free space loss 137.5dB. This result indicates that the
propagation loss depends on the antenna height and the
propagation loss also appearsto vary according to the ducting
layer height.

Fig. 6 shows the received wanted signal strength and
interfering signal strength ratio at the victim receiver,
road-side antenna of ITS, for variation of the time rate and
propagation model. Interfering signa strength is calculated
using equation (2) and the parametersin Table| and Tablell.
After calculating the interference power level and the wanted
signal strength at the victim receiver, we can determine
whether  the interference  occurs. The  received
signal-to-interference  plus noise ratio appears to be
dependent on the separate distance between roadside unit and
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vehicle unit of ITS. The target signal-to-interference plus
noise ratio of 13dB may be satisfied depending on the
separate distance. For 10% time rate and 50% time rate of
ITU-R P.452-15 model, it sdatisfied the target
signal-to-interference plus noise ratio in al segments.
However, for a 1% time rate of ITU-R P. 452-15 model and
APM, the target signa-to-interference plus noise ratio
appears to be satisfied at separate distance below 150 m.

The additional attenuation loss required for the receiving
antenna height of ITS’s roadside is shown in Fig. 7.

o PA52 1% PA452_10% PA452 50% APM

CAN+I(dB)
]
g

=
2

20.00

10.00
0.00

-10.00
0 200 400 600 800 1000
Distance between vehicle and roadside of ITS{m)

Fig. 6. Recelved signal-to- interference plus noise ratio according to thetime
rate at theroadside of ITS
20.00
15.00
10.00
5.00
0.00
-5.00
-10.00
-15.00

-20.00 o Road_sideheight=7m Road_side height=5m

Required additional attenuation loss{dB)

2500

-30.00
0 100 200 300 400 500 600 700 800 900 1000
Distance between roadside and vehicle of ITS(m)

Fig. 7. Additional attenuation loss required for receiving antenna heights

o tilt=0 degree tilt =3 degree tilt =6 degree tilt =9 degree

10.00

-10.00

-20.00

Required additicnal attenuaticn loss{dB)

-30.00

-40.00
o 200 400 600 800 1000

Distance between roadside and vehicle of ITS(m)

Fig. 8. Additional attenuation loss required for tilt degree of transmitting
antenna
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These are calculated using equation (6) and the parameters
listed in Table | and Table II. When the heights of the
receiving antenna of ITS’s roadside is 5 m, an additional
attenuation loss of above 8 dB isrequired to satisfy the target
interference level with ITS’s cell radius of 500m. As the
separate distance between roadside and vehicle of ITS, cell
radius, is extended, a required additional attenuation loss to
satisfy the target interference level is increased. In addition,
when the heights of the receiving antenna of ITS’s roadsideis
7 m, an additional attenuation loss of 11 dB isrequired. From
the result, we confirm that the target interference level may be
satisfied depending on the antenna height and ITS’s cell
radius.

Fig. 8 shows the additional attenuation loss required for
variation of the tilting angle of a transmitting Korean
DVB-T2 site antenna, which was simulated based on the
vertical pattern of the DVB-T2 antenna in [9] and based on
the APM. Also the required additional attenuation loss is
compared when the tilting angle of the DVB-T2 site antenna
is0°, 3%, 6°and 9°. Thisresult indicatesthat Korean DVB-T2
site system produces a higher interference on Japan’s ITS
system when the tilting angle of the transmitting antennais 3°
than when it is 9°.

The additional attenuation loss required, as shownin Fig. 7
and Fig. 8, can be used as a guideline for allowing the
deployed Japan I TS system and Korean DVB-T2 to avoid an
unacceptable amount of interference between systems.

IV. CONCLUSION

In this paper, we analyses the effect of interference
between UHDTYV servicesin Koreaand I TS service in Japan
at the 700 MHz frequency band when encountering a ducting
phenomenon. The MCL method is used for an interference
anaysis, focusing on an interference scenario of Korea’s
UHDTYV to Japan’s ITS. The ITU-R P.452-15 model and
APM were used to calculate the propagation loss in the ducts,
and the modified refractivity indexes of a surface-based duct
and an elevated duct as provided by a WMO station were
applied. The propagation loss by ducting may be smaller than
the free space loss.

The received signal-to-interference plus noise ratio and the
required additional attenuation loss at Japan’s ITS roadside
occurring from Korea’s DVB-T2 were simulated for antenna
height and antenna’s tilting angles. We confirmed that the
strength of the received interfering signal depends on the
antenna height, and that the target interference level may be
satisfied by adjusting the antenna height. Also we confirmed
that the received interfering signal strength depends on the
transmitting antenna’s tilting angles and that the target
interference level may be satisfied by adjusting the tilting
angle of antennaand Japan’s TS cell radius.

This paper can be used to evaluate the interference effects
and find a spectrum-sharing method between Korean
DVB-T2 and Japan ITS. It can a so be useful for deployment
planning by each system, resulting in an interference impact
that is acceptable to both parties.
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Abstract —The investigation of chromatic dispersion effect on
pulse propagation is of interest in high-speed optical
transmission systems. But the chromatic dispersion effect hasn't
an acceptable analytical description in the time domain. The
analytical model of the dispersion effect in the time domain
using a quadratic function approximation of nonlinear part of
the propagation constant and the Fresnel integrals is proposed
in this paper. It is shown that the obtained model is universal
and it has a tunable accuracy. A simple method of estimating the
memory of an optical channel is proposed. The analytical model
of signal propagation in an optical channel by means of
sequential generation of pairs of echo-signals is described in the
article.

Keyword—Analytical model,
Frensel integrals, propagation
echo-signal, memory of channel
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constant, time

dispersion,
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I. INTRODUCTION
T the present time, high-speed optical transmission
systems are in an active development and the
investigation of the chromatic dispersion effect is one of most
interest of issues. The propagation of pulses through an
optical fiber, which is a dispersive medium, is well explored

in [11-[7].

H 2 3
A A IBOA B OA_
oz o4 2 ot 6 ot

where A(Z,t) is the slowly varying pulse envelope and

B, are a parameters described in [1] .

The differential equation (1) should be solved if a pulse
form in the time domain is required to find. And, this equation
should be solved individually for of all kinds of pulses.
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Besides, a direct solution may be difficult, whereas an
analytical equation is impossible to get using the fast Fourier
transform. But the analytical equation may be of use in some
cases, e.g. signal processing in the time domain.

In this paper, a simple and universal analytical dispersion
model in the time domain will be found.

Il. DISPERSION THEORY

In the Dispersion Theory [1], pulse propagation can be
written in the form

oA . -
D __ip(f)A 2
pe B(f) )

where A(Z, f ) is a signal spectrum at a distance z, and

B( f) is the propagation constant which has a frequency
dependence

C

B(f) n(f) ®

Here, c is the velocity of light in vacuum and n is a
refractive index which defined by the Sellmeier equation [8].
All nonlinear effects and the attenuation have been

=0 (1) excluded in equation (2).

The solution of the equation is
Az, f)=A(0, f)e "> @)

It completely described the effect of the chromatic
dispersion on a signal.
Therefore, the transfer function of the dispersive medium is

H(f)=e " 5)

I11. DISPERSION IN THE TIME DOMAIN

As seen from Figure 1, the propagation constant has a
substantial linear part. Therefore, we can represent it as

Copyright [0 2016 GiRI (Global IT Research Institute)



ICACT Transactions on Advanced Communications Technology (TACT) Vol. 5, Issue 6, November 2016

B(T)=Bn(f)+B.(T) (6)

where [, isalinear partand 3, isanonlinear part of the

propagation constant.
Since the entire optical spectrum is not of interest an
operating band of signal will be considered further, i.e.

f e[ f,; f,] where, f, is the higher frequency, and f, is
the lower frequency.

A. Linear Part of the Propagation Constant

The influence of P, causes signal delay in the time

domain. f3,, can be represented in form

B (f)=kf +p ™

And parameters k and p are

«_B(f)-B(f)
fh_fl
_B(f) F —B(f) f,
fh_fl

(8)

If the nonlinear part is omitted, a pulse envelope in the time
domain will be obtained in the form

kz

A(z,t)= A(O,t _2_j ooz

T

B. Nonlinear Part of the Propagation Constant
The nonlinear part can be obtained as

Bu () =B(f)=Bn(f)

As seen from Fig. 2, it is look like quadratic function.
Therefore, it can be represented as

(10)

B, (f)=af>+bf +c .
where a, b and c are
a:_4[[3(fc)—[3m(fc):|ﬁ
- hOE
C:_4[B(fc)—ﬁ.n(fc)]ﬁ

Here, fC is a central frequency of the band.
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Actually, B, is nota quadratic function. This function has
some cubic part. Accordingly, there is a deviation, as shown
in Fig. 3. But B, can not be approximated with a cubic
function because it will obstruct further calculations.

2

45 ‘ s ‘ . ‘ . ‘ . ‘
K - E B 5
fHz x10'

Fig. 1. Frequency dependence of the propagation constant.

19304 19308 19308 1.931
o Hz x10™
Fig. 2. A nonlinear part of the propagation constant in the 100 GHz

operating band.

2 .
1.93 1.9302

X107
4

79304 70306 10308 1.931
I Hz x10"

Fig. 3. An absolute error of the quadratic function approximation of

nonlinear part of the propagation constant.
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To minimize the deviation, the entire operating band can be
divided into two. And then, the deviation function can be

approximated with a quadratic function in each of sub-bands
f? f+k,fe|f;f
N b M N
m,f2+n,f +k,, f e[f;f,]
and
ABnl(f):Bnl(f)_Br’ﬂ(f) (14)

Parameters m,, n,, K, m,, and K, can be found with

(12), where f,, f, and f_ isahigher, lower and the central

frequency of the each of the ranges, respectively.
A new approximation is

Z+(b+n) f+(c+ky), f e[f; 1]
2+(b+n,) f +(c+k,), f e[f;f,]

(15)

Deviations in each of the ranges will be similar to the
deviation of the first approximation. Therefore, a deviation in
the entire band can be represented by four quadratic functions
in four intervals.

It was found that improving of the approximation can be
continued in a similar way until the error value becomes
sufficient.

C. Representation of Chromatic Dispersion in the Time
Domain
The transfer function of the dispersive medium can be
represented as a product of two parts

H (f):e—jﬁln(f)z ,e_jﬁnl(f)z (16)

First part is a linear part which described in the time
domain by (9). Second part is a nonlinear part which causes a
pulse distortion. Let us expand it into a Fourier series to
describe it in the time domain

o afn
H(f)~e Bn(f)z che L (17)
where
1rfn
Ie BB (f T df (18)

and L is a half of the entire band.
Because 3, ( f ) is a quadratic function C, can be

expressed in terms of the Fresnel integrals [9]

950
( (bzL+mn)?
B [(4LlazL2 +CZ]
C,=—F——
2L/-az 19
(\/Ef bZL+T[n) (\/Ef bZL+TCI’1] ( )
J—azL 2-azl
. bzL + mn . bzL + mn
+jS| V-azf, — —jS| «-azf, -
) [ " 2\/—azL] : ( ' 2\/—a2LH

Here, C(x) and S(x) are the Fresnel integrals.

For second approximation of nonlinear part of the
propagation constant from (15) and for next approximations,
(19) should be calculated in each of sub-bands (with constant
L), and the results should be summarized then.

A signal spectrum at a distance z is

A(Z, jo)= A(O, jo)H (jo) (20)
or, with (17) and (7) is

~ ] N o . —jw[ﬁ—ij

Az, jo)= D ce®A(0, jo)e "> " (21)

n=-N

To describe a signal in the time domain the inverse Fourier
transformation [11] should be used.
Finally, in the time domain

=ice‘jpz OtJrL—E
= 2L 2xn

(22)

where A is a pulse envelope at a distance z and at a time
moment t. L is a half of a signal bandwidth. C_ are given by
(19), and p and k are given by (8).

Equation (22) describes any signal at a distance z which is
distorted by the chromatic dispersion.

IVV. PROPAGATION PROCESS IN TERMS OF THE
ECHO-SIGNALS MODEL

Model of Chromatic Dispersion Effect (22) allows
representing a signal propagation process in terms of
echo-signals.

The echo-signals model [11] describes a signal at a
distance z as the sum of initial signal and N pairs of lagged and
anticipatory echo-signals.

N
A(z,t)=a,A(0,t)+> a,A(0,t+n1)
= (23)

N
+> a_,A(0,t—n1)
n=1
Here, A(O,t) is initial signal, A(O,t+nr) are

anticipatory  echo-signals, A(O,t—nr) are lagged
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echo-signals and are some coefficients.
Expression (22) can be represented in the same form

A(z,t) = coe"’zA(O,t — :—Z)

T
N
+ che”’zA(O,t T Ej
L 2L 2n

N
+ ZCHe"pZAKO,t L Ej
- 2L 2

i 1
Here, c,e” ™™ corresponds to a,, oL corresponds to T

kz _
and t —— corresponds to t in (23).
21

A. Memory of Optical Channel

The memory of channel allows estimating the number of
pulses, which influence one another.

1
Interval between centers of two echo-signals is T = Z .

Also, T is interval between centers of two pulses. Therefore,
the number of echo-signals equals the number of pulses,
which influence one another. The number of echo-signals is

defined by coefficients C_, which can be called the impulse

response of an optical channel if nonlinear effects are
negligible. Therefore, the memory of an optical channel can

be found by estimating values of C_.

Example of the impulse response of an optical channel is
shown in Fig. 4. The coefficients until certain n do not have a
decreasing character and then begin decreasing rapidly.

Plotting of similar graphs allows simple finding the
memory of an optical channel.

B. Propagation Process

Let us consider signal at distance dz at which there are two
echo-signals only

A(dz,t) =a,A(0,t)+a,A(0t+1)+a ,A(0,t—1)  (25)

The entire line with length z can be divided to N sections
with lengths dz as shown in Fig. 5.
Each section transforms the signal the same way as in (25):

the input is A([n —1] dz,t) , the output is

A(ndz,t) = a,A([n -1]dz,t)
+a,A([n-1]dz,t +1)
+a_,A([n-1]dz,t—1)

One section can be represented as FIR filter as shown in
Fig. 6. Each section generates a new pair of echo-signals:

951

A(2dz,t)=[a,’ +2a,a, |A(0.t)
+2a,3,A(0,t+1)+2a,a,A(0,t—1)
+a,°A(0,t+2t)+a_*A(0,t —21)

(27)

Considering that a,=a_, , signal at the distance z can be
described by expression

K
A(Ndz,t) = {chao“‘z“alzk} A(0,t)
k=0

N K
+ Z{Z anao”(z””af““}A(o,t +nr) @9)

n=1[ k=0

N K
+ |: anaON_(2k+n)a12k+n:|A(0,t—nT)

. . N-n|.
Here, N is number of the sections, K = T is the

number of summand at nth echo-signal and C, are
coefficients at the summands which calculated as follows

N!

“ = Ka(k + n)I(N —2k_n)!

(29)

K
Besides, {ZCGkaONZkafk} corresponds  C, and
k=0

K
{ZCOkaON_Zkafk} corresponds C, = C_, from (24).
k=0

As can be seen from the above, the propagation process in
an optical channel can be represented as sequential generation
of pairs of echo-signals after each section with length dz. It
could be useful for investigation of nonlinear propagation in
an optical channel because the model (28) is not requires
performing the Fourier transform in distinction from the
split-step Fourier method [1]. All of operations are performed
in time domain.

0.06

0041

-0.06 |

-0.08
-200

L L L L L L L
-150 -100 -50 0 50 100 150 200

Fig. 4. The impulse response of an optical channel with 100 GHz operating
band at the distance 100 km.
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)l dz Ndz

Fig. 5. The line with length z which is divided to N sections with lengths dz.

dz dz dz —

Al[n—1]dzi +1) A([n~1]z.1) Al[n—1]dzt—1)
T T
Y A(n])

—>

Fig. 6. Section dz as FIR filter.

V. EXPERIMENTAL RESULTS

An accuracy of the obtained analytical model is defined by
the number of the Fourier series coefficients N and by the
number of the approximations as in (15). The first parameter
is substantial in any conditions. The second is substantial only

at considerable distances > 1000 km and at signal bandwidths

> 100 GHz. Dependencies of the parameter N are

N (z)~z(km)

N (aF) < LAF(CHD)] (1(;’:2)1

(30)

(31)

Some types of pulses calculated with the model are shown
inFig. 7,8and 9.
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Fig. 7. Gaussian pulse with width 30 ps at the distance 155 km. The constant
delay, which equaled 0.76 ms, has been compensated.
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VI. CONCLUSION

In this paper, an analytical model of dispersion effect in the
time domain has been described. This model allows describe
the chromatic dispersion effect on any signal, which
propagates through optical fiber. The model has a tunable
accuracy, so it is applicable in different areas such as signal
propagation  modeling,  algorithms  of  dispersion
compensation, etc.

It has been shown that the propagation process in an optical
channel can be represented as sequential generation of pairs
of echo-signals. The model is an analytical and described in
time domain. The applications of this model are an optical
signal propagation modeling which includes the nonlinear
propagation and algorithms of dispersion compensation.

Furthermore, the method of estimating the memory of an
optical channel is proposed in this article. It requires only the
estimation of values of coefficients at each echo-signal.

A problem of the proposed models is a high computational
complexity in the case of wide signal bandwidths and
considerable distances. However, the main task of this model
is the using it in an analytical equations. In this case, the
computational complexity is not substantial.
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Dynamic Analysis of Rotor Blade System

Liu Yi
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Abstract—To make the rotation of the rotor blade more
accurate, the elastic deformation in the system is considered in
this paper. Firstly, the number and direction of the generalized
coordinates are determined by the freedom degree of the blade
and the finite element method and Lagrange equation are used
to build the dynamical equation of the rotor blade system. Then,
we obtain the position vector, the mass matrix, the derivative of
Mass Matrix on time and other coefficient matrix according to
the principle of flexible multibody dynamics. Finally, the
violation correction method is used to get the numerical solution
of the dynamical equation in the simulation. Additionally, the
angular displacement of the hub around the main axis, the
angular displacement of the blade end and elastic deformation in
the y-direction and z-direction are analyzed to prove the
correctness of the model.

Keyword—rotor blade, elastic deformation, finite element,
flexible multibody dynamics.

I. INTRODUCTION

HE study of flexible multibody dynamics began in the
late 1950s during which the US launched the first
artificial satellite. In the past 20 years, due to its very close
relationship with the engineering field, such as aerospace,
aviation, machinery, vehicles and robots, even with the sports,
flexible multibody dynamics have caused great concern and
become an active study field of theoretical and applied
mechanics. Flexible multibody dynamics researches the
dynamics behavior of the systems consisted of deformable
objects and rigid body during wide-range spatial movement.
Flexible multibody dynamics focus on “flexible”, and study
the interaction between the objects’ deformation and overall
rigidity movement. The character that deformation movement
and rigidity movement occur and couple simultaneously is the
core feature of flexible multibody dynamics.

A novel mathematical formulation capable of treating the
problems of maneuvering and control of flexible multibody
structures is developed [1]. The authors focused on an
approach to the study of the dynamics and control of large
flexible space structures which comprised of subassemblies, a
subject of considerable contemporary interest [2]. A flexible
multibody dynamics formulation to analyze the vibration of
hard disk drives is presented [3-4]. The inverse-dynamic

Manuscript received October 19, 2016. This work is a follow-up of the
invited journal to the accepted conference paper of the 18th International
Conference on Advanced Communication Technology (ICACT2016)

Liu Yi is with School of Aerospace Engineering, Beijing Institute of
Technology, Beijing, China (corresponding  author’s  phone:
+86-15011440975; e-mail: bjliuyi_2015@163.com).

model of mobile multibody systems articulated with joints
and wheels is built and an easily implementable algorithm
which is based on Newton—Euler recursive dynamics is
proposed [5]. This authors presented several iterative
algorithms regarding the dynamic analysis of multibody
systems [6].

However, there is few literatures investigating the dynamic
of the rotor blade using the flexible multibody dynamics.
Moreover, the research on helicopter fall behind that on
Fixed-wing aircraft, the reason is mainly that the awareness of
the helicopter rotor aerodynamic is not sufficient. Based on
this, the dynamical equation of the rotor blade system is built
using the finite element method and the Lagrange equation.
Additionally, the mass matrix and other coefficient matrix are
obtained. After that, the simulation is used to verify the
correctness of the dynamical model.

II. SYSTEM MODEL

Helicopter rotor is composed of hub and several blades.
The hub mounted on the rotor shaft, while the blade which
likes the slender wing connects to the hub. The hub and blade
rotated together with the helicopter engine rotation, and the
interaction between the blade and the surrounding air can
create the thrust along the rotor shaft. Additionally, the blade
contains flap, lag and torsion, and all these motions coupled
together to formed a complex structure-dynamics problem.

The helicopter rotor not only rotates around the engine
shaft, but also has Elastic deformations due to its flexible.
According to the motion characteristics of the rotor blade in
space, we can determine the number of generalized
coordinates, and build the finite element model of the rotor
blade in Fig. 1.

X3

2

Fig. 1. The finite element model of the rotor blade.

In Fig. 1, OXYZ is the inertial coordinate frame, while
01X1Y1Z1, 05X2Y2Z; and 03x3y3z3 are the moving coordinates.
The o01x;y;z; frame rotates around OY axis with vector Ry,
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and the rotation angle is B; the 0,X,y,7, frame rotates around
olzl axis with vector R, , and the rotation angle is B; the
03x3y3z3 frame whose origin coincides with that of the
0,X,y1z; frame rotates around 0,z, axis with vector Ry , and
the rotation angle is 0.

III. DYNAMICAL EQUATION AND COEFFICIENT
MATRIX OF THE ROTOR BLADE

A. Dynamical Equation

The dynamical equation of flexible multibody systems is
given as follows:

T

oo o o .

1" oM+
Mq+Mq—5q —q+Kq=0, (1

oq

In helicopter rotor system, the blade is hinge connected to
the hub, and flap around the hub. The hub rotates around the
engine shaft. Due to the damping effect in these motions, the
damping coefficient matrix and the constraint equation are
introduced, and dynamical equation of the helicopter rotor
blade can be written as follows:

Mg+ Dg+Kq+CA=0, +0, @)

where M is the mass matrix, Qr is the generalized external

force vector, g is the generalized coordinate vector, ¢ is the

generalized speed vector, D is the damping coefficient matrix,
K is the stiffness coefficient matrix, C, is the constraint
Jacobian matrix, A is the Lagrange multipliers vector, and

qu A is the generalized constraint force.

. oo 1T oM .. .
Submitting 0, =—M g+—q (—)q into Equation (2),
g 2 0q
the dynamical equation can be rewritten as:

. . o 1.7' oM
Mg+ (D+M)q+Ka+C[2=0, +34 (2 3)

Where M is the partial derivative of mass matrix on time,
oM
oq

coordinate.

is the derivative of mass matrix on generalized

B. Position Vector

The displacement of the arbitrary point on beam element in
the inertial coordinate frame can be given as

R, =R, +A4A4,4,(u,+Ng,) 4)
where R,, =[x, Yo 2] is the position at the start time,
cosf 0 sinpf
4= 0 1 0 is the rotation matrix from 0;x;y,z
—sinff 0 cosf
cosp —singp 0
to OXYZ, A, =|sing cosp 0 is the rotation matrix
0 0 1

cos@ —sin@ 0
from 0,x,y,z, to OXYZ, A, =|sin® cos® 0 is the
0 0 1

rotation matrix from o3x3y;z; to OXYZ, g is the rotation
angle around OY axis, ¢ is the rotation angle around oz, axis,

@ is the rotation angle around 0,7, axis, u is the vector of
point p after distortion in moving coordinates 03X3y3Z3, Uy iS
the vector of point p without distortion in moving coordinates
03X3Y3Z3, and is the position vector of point p by distortion in
moving coordinates 03X3y3Z;3.

The flight conditions of helicopter is different with
different 3, ¢ and @. The state of analysis in this paper is as

shown in formula (4). At this time, the helicopter fly forward,
backward, or fly by hover. When g =0, the helicopter is in a

static state; when g is a fixed value and ¢ =0, the helicopter

is in the air hover state; when § and ¢ are both constant, the
helicopter in the air flight state.

According to the finite element principle [7-8], the
displacement of any point on the element can be represented
using the interpolation method. That is, the displacements of
the element nodes are used to represent the elastic
deformation at any point on the element.

Setting u, as the position vector before beam deformation,
N as the shape function of beam element, and q¢ as
displacement vector of beam element, the elastic deformation
at any point on the element can be given as follows:

N, =Ng, (5)
where
n, 0 000 0 n, 00 0 O0 O '
N,={0 n, 000 n 0 n, 00 0 n| ®
0 0 ., 0m, 0 0O O n, O ng, O
the shape function of beam element, and n1:1—§> nzzf,
n :l—£+2—)C3 > n :x—£+x—3 ) :ﬁ_Z_x‘ ’
: ror ! 1P T
n, :_¥+x_j, n,=-n,, ng=-ng, X is the abscissa of any

point in moving coordinates 03x3ysz3, | is the length of the
beam element.

Space beam element has two nodes (i node and j node),
each node has six degrees of freedom along the three
coordinate axes and three axes around the rotation, thus the
node displacement vector can be expressed as

T
a,=[d 9 45 G s G6 9 9 9y 9n 9 G ]

C. Mass Matrix

Calculating the derivative on time in equation (4), we can
get the speed of point p as follows:

R, =R+ A, BAAU+ A4y, 9 AU ©)
+ A, 4,4y, O0U + A4, AN q,

Due to the constant u,, we can getu, =0and i,: N q =

Base on this, the equation (6) can be reorganized as:
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= .

=3

. (7)
R, =1 AyA,AU A4 AU A4AU A4AN] @

where R . is the velocity vector at any point on the beam,

q ; is the derivative of beam element’s displacement on time,

[—sin@ —cosf 0
A =| cos® —sin@ 0| 18 the derivative of A; on 6,
36
| 0 0 0
[—sinB 0 cosp |
4 = 0 0 0 is the derivative of Al on S ,
18
|—cosf 0 —sinp |
—sing —cosg O]
A cosg —sing 0 is the derivative of A2 on ¢,
28
0 0 0]

L] L] L] L] L] L] T
q= |:R0 p o 0 g f.jl is the generalized velocity
vector.

The kinetic energy of the flexible body is given as:

B 1 .T . B 1 o7 . ]

T_EijRp R,V ==q Mg ®)

where p and V are the density and volume of the beam
element respectively.

Submitting Equation (7) into Equation (8), we can kinetic
energy can be rewritten as:

e g
T:EJ.VpR,, R,dV

(€))

I
L A4,4,4U )
:Equ A, AU [ Ay, AU A4, AU AAAU A4,AN]qdV
A A4, A4,,U
A A, AN
o7 .
L
From Equation (8), the mass matrix of the rotor blade M

can be obtained.

D. The derivative of Mass Matrix on time
The derivative of mass matrix on time is given as follows:
yyo9Moq_oM: (10)
Oq Ot 0Oqg
Since B, 0, and ¢ all contains one generalized coordinate, q¢
has 12 generalized coordinates, and R, has three generalized

coordinates, 4 can be written as

q:l:Xo Y, 2, B o 0 q, 4, 4 (11)

94 45 96 4931 42 4955 44 Y45 qj6:‘

The generalized coordinate is vector, thus the above
equation is the partial derivative of the mass matrix on each
generalized coordinate. Based on this, the derivative of mass
matrix on time can be rewritten as

myoomy o My o My
My My My, Mys
Y Y
&), l %= My My T
My, My
L en
where
I omy,  Om, Omy Om, Om;
dq; 0q, Oq, Oq; Oq
Omy,  Omy,  Omy,  Omys
dq,  0g; 0Oq; Oq
6& omy;  Omy,  Omyy ’
0q, - aq; aq, aq,
Omy, — Omys
0q, 0q,
O,
L 4,
. 8 om . .
my, =Z—1:E“ i ’
. . 8 o e e . 8 om. e
my, =my, :; 6; q;> M3 =Ny, ; a 1; q;°
. . 8 om e . 8 o *
m, =m, = Y m.=m, = Bg-
14 41 ; a4, q; 15 51 ; o, q;
. 1 61’}122 . . . 18 amB .
m,, = > M. m,, = ]
22 ; o4, 9q; 23 32 ; o4, i
. . 8 o e e . 8 o,
My, =My, :; aqi4 q;> Mys =Ms, :;ﬁqz ’

. 1 61’}13@ . 18 677134 . . 1 am35 .
m,, = = —_— > = —_— >
33 ; o4, q; 34 ; 2, f 35 ; a4, i
. S om,, 5 om, . LN

a4 = Z 5. q; 45_; o, q; 55 _; o4, f

E. Partial Derivatives of Kinetic Energy on Generalized

Coordinates

Based on the expression of kinetic energy in equation (9),
the partial derivative of kinetic energy on the generalized
coordinate can be expressed as

1M,

27 Oq
or_1:om._ 1 (13)
la S| e
PO e

27 0qy

F. Constraint Equation and Jacobian Matrix

The Lagrange multipliers method is used to build the
constraint equation in this paper. The general form of the
constraint equation is C(g,¢) = 0. The distance between the
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blade root and the rotation center is constant, thus the
constraint equation of the rotation center is given as:

C(q,t) =Ry + A 4, A’ I, (14)

where Ry is the position vector of the rotation center, uif is

the elastic deformation, /, is the distance between the blade
root and the rotation center.

According the relationship of the location change between
each object, the constraint equation with variational form can
be obtained as Cqéq =( . Then, the constraint Jacobian matrix

can be derived as :

[ . (] (] 15
c - (15)
[ ] [ ] L] ]
Cm] b o cmn
where . — ac; , m is the number of the constraint equations,
Y0
4

n is the number of generalized coordinate. In multibody
system, the element C, is the the partial derivative of the i-th
constraint equation on the j-th generalized coordinate.

G. Stiffness Matrix
The virtual work of the cell in the object can be written as:

W =—IVUT53dV (16)

where ¢ and ¢ are the stress and strain. For the linear
isotropic materials, we can get o= E,¢ , where Er is the

elastic quantity matrix. The strain can be got
by &=Du ,=DNg, , where D is the partial differential

operators of the strain-displacement.
Submitting the expression ofeinto equation (17), the
virtual work can be rewritten as:

W =—q;K ;3 7
From the equation (17), the beam element stiffness matrix
can be derived as:

K, =[(DN) EDNav (18)

H. Damping Matrix

The aerodynamics model is two-dimensional steady model
in this paper. The introduction of damping coefficient has two
functions. One is to balance the torque of the helicopter
engineer to make the rotor shaft uniform rotation. The other is
supporting a big attenuation coefficient to the flap of the blade,
increase the iterative rate of the flap and reduce the
computation time.

The damping coefficients of the rotor shaft and flapping
ream are D, and D o5 respectively, then the damping matrix

of the system can be written as D = diag(0 D,, Dy, 0)

where diag(e) denotes the diagonal matrix.

IV. SIMULATION

In this section, the simulation is used to verify the model
built in the section above. The MATLAB software is used to
solve the dynamical equation. The rotor type in the simulation
is OA212-207, and the main parameters are shown in Table 1.

The initial values are as follows: the rotor shaft rotates with
the speed of 36.63rad/s, the elastic deformation is 0, the initial

acceleration can be derived by %0 =M, QF", where MO is the

initial mass matrix, Orois the initial generalized external
force.

In the simulation, the viscous damping is used to simulate
the air friction within Rotating surface of the rotor blade. The

TABLE I
MAIN PARAMETERS
Parameter Value
Deadweight M=1975kg
Radius of the rotor 1=5.5m
Number of the blades n=4
Torsion Fz=35000N/m

Moment of Inertia on blade 1z=6726kg/m

k; =18000N /m

Stiffness coefficient of torsion
Damping coefficients of the rotor shaft Day:l 600

Radius of the hub r=0.5m

mass matrix, partial derivative of mass matrix on time, partial
derivative of mass matrix on generalized coordinate, stiffness
matrix, damping matrix are input to matlab, and the violation
correction method is used to get the numerical solution of the
dynamical equation. The Iterative step is 10, and the
iterative time is 2s.

|
8 pr———- [ Y I~
| | | |
| | | |
| | |
6 lF———— -
4———- i
2 ———= b —— -
|
| | | |
| | | |
1 1 1 1
500 1000 1500
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Fig. 3. The Curve of ¢
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0 500 1000 1500 2000

Fig. 4. The Curve of @

Fig. 2 shows the angular displacement of the hub around
the main axis. The angular displacement of the hub is a
straight line, and the rotational speed descends slowly with
small oscillation. Fig. 3 shows the angular displacement of the
hub around dynamic axis and Fig. 4 shows the angular
displacement of the impeller around dynamic axis. It can be
seen that the two angular displacements are quadratic. At the
end of time t = 2s, the angular displacement of the hub around
the dynamic axis and the angular displacement of the impeller
around dynamic axis are both agreement with the expected
results, which indicates that the coordinate transformation
matrix theory in this paper is correct.
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Fig. 5. Angular displacement with in the y-direction
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Fig. 6. Deformation with in y-direction
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Fig.8. Deformation with in z-direction

Fig. 5 and Fig. 7 show the angular displacement of the
blade end with in the y-direction and z-direction respectively,
and Fig. 6 and Fig. 8 show the deformation of the blade end
with in y-direction and z-direction respectively. From these
figures, we can see that the a certain elastic deformation of the
blade emerges due to its elasticity during the rotation of the
rotor blade, and the elastic deformation can make the blade
end deviates from a predetermined trajectory which will
affect the positioning accuracy. Thus, the elastic deformation
should be considered to make the rotational of the blade more
accurate in practice. The vertical vibration cycle of the blade
end in the plane which is perpendicular to the rotation plane is
one seventeenth of that of the rotor shaft, and has lower
frequency than that of the blade end in the rotation plane.
These verify that the theoretical formula in this paper is
correct.

V. CONCLUSION

The dynamical equation of the helicopter rotor blade
system is built based on the finite element method and the
Lagrange equation. Also, the mass matrix and its derivative
on time are obtained based on the flexible multibody
dynamics. In the simulation, the violation correction method
is used to get the numerical solution of the dynamical equation.
Simultaneously, the angular displacement of the hub around
the main axis, the angular displacement of the blade end and
elastic deformation in the y-direction and z-direction are got
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and analyzed to verify that the model in this paper is correct.
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Abstract—This paper focuses on a special type of enterprise
social networks, which is called ‘workflow-supported activity-
performer affiliation network,” and particularly formulates a
metric of closeness centrality to numerically analyze the degree
of clerical familiarities among performers who are involved
in a workflow-supported activity-performer affiliation network.
A workflow model specifies enactment sequences of the as-
sociated activities and their affiliated relationships with roles,
performers, invoked-applications, and relevant data. These af-
filiated relationships can be revived into valuable organizational
knowledge supporting business intelligence as well as managerial
decision-making activities. In this paper, we particularly focus
on formulating the affiliated relationships between activities and
performers in a workflow model to numerically measure the
closeness centralities of performers as well as the closeness
centralities of activities. We also devise a series of algorithms for
implementing the formulated closeness centrality equations, and
describe the ultimate implications of these closeness centrality
formulations in workflow-supported organizations.

Keywords-workflow-supported affiliation network, ICN-based
workflow model, organizational closeness centrality, business
process intelligence

I. INTRODUCTION

In recent, the workflow literature starts being interested in
re-positioning the traditional workflow systems into the tools
of business and organizational knowledge and intelligence.
It begins from the strong belief that social relationships and
collaborative behaviors among workflow-performers obviously
affect the overall performance and being crowned with great
successes in the real businesses and the working produc-
tivity as well. The typical pioneering outcomes of those
re-positioning works ought to be [1][2][3], in which the
authors formalize mechanisms and their related algorithms
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Fig. 1. Four Types of the Performer-Centered Affiliation Relationships in
an Information Control Net of Workflow Model

to discover workflow-supported social networking knowledge
from workflow models and their enactment event logs. In
general, the workflow model is formally defined by using
the information control net (ICN)[4] methodology. In defining
a workflow model, we have to specify four types of the
performer-centered affiliation relationships[5] by associating
each individual performer with all the essential entity-types
such as activity, role, application, and relevant data. The Fig.
1 illustrates these performer-centered affiliation relationships
in a specific ICN-based workflow model. We are particularly
interested in the performer-activity affiliation relationships
in a workflow model, where the performers (or actors) are
linked in activities through joint participations; reversely, the
activities are connected to performers through joint involve-
ments; the authors’ research group has modeled a collection of
these participations and involvements as “workflow-supported
performer-activity affiliation network model[6][7].”

In this paper, we focus on quantitatively measuring the
degree of performers’ familiarity by adopting the concept of
closeness centralities into the workflow-supported performer-
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activity affiliation network model. We assume that a workflow-
supported performer-activity affiliation network is formed by
two key groups of the entity types such as a set of performers
and a collection of activities in a corresponding information
control net of workflow model. That is, we are basically con-
cerned about numerically formalizing the closeness centralities
among the performers involved in fulfilling the ICN-based
workflow model. Basically, the affilation network is coming
from the formal properties[8]—two-mode and non-dyadic
networks—of affiliation relationships. Since the workflow-
supported performer-acitivity affiliation network is a two-mode
network, the complete measurements should be done by giving
centrality indices for both performers and activities. Generally,
there are four centrality analysis techniques, such as degree,
closeness, betweenness, and eigenvector centralities, and we
particularly measure the closeness centralities of performers
and the closeness centralities of activities in this paper.

By analyzing the closeness centralities on a workflow-
supported performer-activity affiliation network formed from
a set of activity-performer affiliated relationships in an ICN-
based workflow model, it is eventually possible to visualize
and numerically express how much the performers and the
activities are interrelated and collaboratively closed in enact-
ing the corresponding workflow model. As a consequence,
the main purpose of this paper is to theoretically develop
formulations and their algorithms for calculating the close-
ness centralities for activities and performers in a ‘workflow-
supported performer-activity affiliation network. In the next
section, we simply describe the basic concept of the workflow-
supported performer-activity affiliation network through the
formal definition and the graphical representation as well. And,
in the consecutive section we try to formulate the closeness
centrality equations and their implementation algorithms with
an operational example. Finally, we finalize the paper with
describing a couple of related works in the last section.

II. WORKFLOW-SUPPORTED PERFORMER-ACTIVITY
AFFILIATION NETWORK MODEL

In order to represent the workflow-supported performer-
activity affiliation knowledge, [6] has recently defined a graph-
ical (Bipartite Graph) and formal representation model, which
is dubbed workflow-supported performer-activity affiliation
network model, which is abbreviated to APANM, and it
has two types of nodes—a set of performers and a set of
activities—and a set of relationships between those nodal
types. Thus a workflow-supported performer-activity affiliation
network model is a two-mode network model with aiming to
accomplish the following dual objectives:

e to uncover the relational structures of workflow-
performers through their joint involvement in activities,
and

o to reveal the relational structures of workflow-activities
through their joint participation of common performers.

Additionally, those relational structures can be weighed to
measure the extent of their strengths by assigning a value to
each of relations between nodal types. Therefore, there are
two types of performer-activity affiliation networks—binary
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performer-activity affiliation network and valued performer-
activity affiliation network. In the binary performer-activity
affiliation network, its value (0 or 1) implies a binary
relationship of involvement (or participation), while values
in the valued performer-activity affiliation network may
represent various implications according to their application
domains; typical examples of values might be stochastic
(or probabilistic) values, strengths, and frequencies. The
formal knowledge representation of workflow-supported
performer-activity affiliation network model is defined in the
following [Definition 1][6].

[Definition 1] Workflow-Supported Performer-Activity
Affiliation Network Model. A  workflow-supported
performer-activity affiliation network model is formally
defined as A = (0,1, S), over a set C of performers (actors),
a set A of activities, a set V of weight-values, a set
E, C (C x A) of edges (pairs of performers and activities),
and a set E, C (A x C) of edges (pairs of activities and
performers), where, ©(A) represents a power set of the
activity set, A:

o S is a finite set of work-sharing actors or groups of some

external performer-activity affiliation network models;

e 0 =0,Uo, /* Involvement Knowledge */

where, 0, : C — p(A) is a single-valued mapping func-
tion from a performer to its set of involved activities;
oy : E, — V is a single-valued mapping function from
an edge (€ E,) to its weight-value;

e Y =1, U1, /* Participation Knowledge */

where, 1, : A — p(C) is a single-valued mapping
function from an activity to a set of participated
performers; and ¢, :E, — V is a single-valued
function from an edge (€ E,) to its weight-value;

Furthermore, the affiliation knowledge representation can be
graphically depicted by an affiliation graph. So, a workflow-
supported performer-activity affiliation network’s graphical
model consists of two types of graphical nodes—a set of per-
formers (shaped in hexagon) and a set of workflow activities
(shaped in circle)—and a set of non-directed edges between
two nodal types, which means that a workflow affiliation net-
work is a non-directed graph. That is, in a workflow-supported
performer-activity affiliation graph, non-directed lines connect
performers aligned on one side of the diagram to the workflow
activities aligned on the other side. Importantly, a performer-
activity affiliation graph does not permit lines among the
performers nor among the workflow activities. Therefore, a
performer-activity affiliation graph with g performers and h
workflow activities can be transformed into a matrix with 2-
dimension of g x h.

III. CLOSENESS CENTRALITY MEASUREMENT
FORMULATIONS

In general, an affiliation networking graph[9] is a bipartite
graph, as described in the previous section, in which non-
directed lines connect performers aligned on one side of the
diagram to the workflow activities aligned on the other side.
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Based upon the performer-activity affiliation networking graph
and its affiliation matrix, it is possible to analyze a variety of
knowledge analytics issues[9], such as mean rates analysis[8],
density measurements[8], and centrality measurements[9],
raised from the social networking literature. In this paper, our
focus concentrates upon the centrality measurements of the
workflow-supported affiliation network model. More precisely
speaking, we try to propose an algorithmic formalism for
analyzing organizational centrality measurements, particularly
closeness centrality measurements, of a workflow-supported
performer-activity affiliation network.

A. Definition of Affiliation Matrix

Eventually, it is necessary for the performer-activity affili-
ation network model to be analyzed in a mathematical repre-
sentation. A workflow-supported performer-activity affiliation
network model is graphically represented by a bipartite graph,
and at the same time it is mathematically represented by an
affiliation matrix. The affiliation matrix can be realized by
either an involvement matrix or a participation matrix. That
is, a performer-activity affiliation network model is math-
ematically transformed into an activity-performer affiliation
matrix that records the presence and absence of g performers
at h workflow activities; thus its dimensions are g rows and
h columns, respectively. If a certain performer ¢; attends a
workflow activity «;, then the entry in the i*" and j*" cell in
the matrix equals to 1; otherwise the entry is 0. Denoting a
binary activity-performer affiliation matrix as Z, its ; ; values
meet these conditions:

R { 1 if performer, ¢;, is affiliated with activity, o;
21 0 otherwise
(1
o The row total, also called row marginals, (D,), of a
performer-activity affiliation matrix Z sum to the number
of workflow activities that each performer will attend,
which implies the involvement relations between activi-
ties and performers in a specific workflow model.
g

h
Dy = |> xi @)
=1 i=1
o The column marginals, (ﬁc), indicate the number of per-
formers who will attend each workflow activity’s enact-
ment, which implies the participation relations between
performers and activities in a corresponding workflow

model. A

g
Dc = [Z .”L'i7j‘| (3)
=1 j=1

Also, assuming an affiliation networking graph has g per-
formers and h activities, then its bipartite affiliation matrix
has dimensions (g + h) x (g + h). Consequently, using
the involvement affiliation matrix (Z,) and the participation
affiliation matrix (Z,) forms an affiliation bipartite matrix,
X P4 which can be schematically represented as the following
equations, (4) and (5).
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0 Z
XP =7, -Za. XA = Zg - Zyp; (5)

B. Closeness Centrality Formulations

[8] gives a series of well-described equations that can be
applied to calculating the closeness centralities based upon
the bipartite matrix of a workflow-supported performer-activity
affiliation network model. Before we develop an algorithm of
the closeness centrality measurements in the next subsection,
we need to restate those closeness centrality equations, and
consider the relationship between the closeness centrality of
a performer and the closeness centrality of the activities to
which the performer belongs, and the relationship between the
closeness centrality of an activity and the closeness centrality
of its performers.

Basically, the meaning of closeness centrality index in a
social network[1][3] implies the average geodesic distance that
a node is from all other nodes in the graph. In other words,
it is to calculate the ‘farness’ of a node from other nodes in
the graph. As described in the previous section, the performer-
activity affiliation network is a special type of social network,
and it is represented by a bipartite graph with relationships
(or connections) between performers and activities. Thus,
calculating the geodesic distances in a bipartite graph begins
with a function of the distances from the activities to the
performers which each of them belongs. The distance from
a node i representing a performer to any node j (either
performer or activity) is d(i,j) = 1 + min{d(k, j)}, for
every activity node k adjacent to :. Given this properties, the
closeness centrality of a performer in the bipartite graph can be
expressed with a function of the distances from the performer’s
activities, k:

g+h g+h
> di,g) =Y [+ min{d(k, )}kl i #F (6
j=1 j=1

1) Closeness Centrality of Performers: Based on the dis-
tance function of (6), the following expressions are the index
and the standardized index of the closeness centrality of a
performer with a function of the minimum geodesic distances
from its activities to other actors and to other activities, respec-
tively. Note that every activity n, is adjacent to performer n;.

o The Index of Closeness Centrality of Performers
—1

g+h
OCo(ni) = | Y d(i,j)| (i #3]) @)
j=1
g+h -t
OCc(ni) = |1+ Y min{d(na,nj)}ta| (i #j) (8)
j=1

e The Normalized Index of Closeness Centrality of Per-
formers

OC&(ni) = (g+h—1)-[0Cc(n;)] ©9)
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g+th __.
14+ Zj:l min{d(na, n;)}a

OCE (i) = g+h—1

(i # J)
(10)
2) Closeness Centrality of Activities: By revising the dis-
tance function of (6), it is also necessary to make the expres-
sions for the index and the standardized index of the closeness
centrality of an activity with a function of the minimum
geodesic distances from its performers to other activities and
to other performers. Note that every performer m,, is adjacent
to activity m;.
o The Index of Closeness Centrality of Activities
—1

g+h
OCo(m;) = |1+ Y min{d(my, m;)},| (i # )
Jj=1
(1)
o The Normalized Index of Closeness Centrality of Activ-
ities
-1
>o95y min{d(my, m;)},
OCE(m;) = |1+ == | # j
Bomo) = |1+ = (i #J)
(12)

Summarily speaking, the equations (9) and (12) are for
normalizing the index of closeness centrality by multiplying
by (g4 h—1). Suppose that a performer is close to all others,
which means that its adjacent activity has a direct tie to every
performer in the bipartite graph. Thus the computed index
values will be vary according to their graph sizes. In order to
control the size of the graph, it is necessary for the individual
index to be normalized so as to allow meaningful comparisons
of performers across different graphs. This explanation can be
identically applied to the normalized index for activities.

C. Algorithms of the Geodesic Distances

Based upon those closeness centrality equations, we develop
a series of algorithms for calculating the closeness centralities
of all the performers as well as all the activities associated with
a workflows-supported performer-activity affiliation network.
The following subsections concisely describe the details of
the algorithms and their explanations. Note that we won’t put
all the algorithms that are needed to calculate the closeness
centralities.

1) Algorithm of the geodesic distances for performers: By
extensively applying the equations of (8) and (10), we can cal-
culate the closeness centralities of performers for a workflow-
supported performer-activity affiliation network. The essential
part of those equations must be the functions of calculating
the geodesic distance from a performer node, n;, to another
performer node, n;, and the geodesic distance, which implies
the shorted path, from a performer node, n;, to an activity
node, m;, respectively. In this subsection, we devise an algo-
rithm with recursive functions, to algorithmically implement
the essential equations. Assume that the algorithm operates on
a given performer-activity affiliation adjacency matrix, X4,
representing the corresponding workflow-supported performer-
activity affiliation network, and its functional procedure name
is ‘PcGeodesicDistance()’ using two recursive functions,
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‘gDistance()’ and ‘hDistance()’, which are calculating the
geodesic distances from a specified performer (n;) to all the
performers and to all the activities, respectively. The output
of the algorithm is the geodesic distance of a performer, n;,
to either a performer or an activity, n;, and it is saved on
the performer-centered geodesic distance matrix, GPA as a
value of the cell, G#[n;,n;]. The time complexity of the
algorithm is O(N), where N = g+h—1, and ¢ is the number of
performers and & is the number of activities in a corresponding
workflow-supported performer-activity affiliation network.

The Geodesic Distances Algorithm for Performers:

01: Given Global A Binary Affiliation Bipartite Matrix, X4 [g +
h, g+ h;

02: Given Global A Set of Performers, P;

03: Given Global A Set of Activities, A;

04: Procedure Name: PcGeodesicDistance
05: Input A Performer (From), n;;

06: Either a Performer or an Activity (To), n;;
07: Output A Performer-Centered Geodesic Distance Measure,
GP A na,ny);

08: Local An Activity Distance Vector, G [1..h], initialized by maxi-

mum;
09: Local A Performer Distance Vector, Hy[1..g], initialized by max-
imum;
10: Begin Procedure
11: If(n; e PAn; #nj)
12: For (Vmy, € Ay adjacentton; )
13: G [my] < gDistance(n;, my,n;);
14: roF N
15: GP4[n;,n;] < 1 + minimum (Gk[i]) ;
16:  Elself (n; € A) =t
17: For (Vm;, € Ay adjacentton; )
11: If (my =n;)
11: G [my] + 0; break;
20: Else If (m) # nj )
21: P, « all performers who are adjacent to my;
22: P, < Ps, — n;;
23: For (Vns € P)
24: Hj,[ns] < hDistance(my, ns,n;);
25: roF g
26: G [mg] «+ 1+ minimum (H,c [4] ;
27: Initialize H[1..g] by maximum; =
28: roF N
29: GP4n;, nj;] < 1 + minimum (Gk[i]) ;
i=1
30: Return G74[n;, n;l;

31: End Procedure

2) Algorithm of the Geodesic Distance for Activities: We
develop an algorithm for implementing the above equations
of (11) and (12) by revising the algorithm developed in the
previous subsection. By using the algorithm we are able to
calculate the closeness centralities from a activities’ point of
view. Likewise, the essential part of those equations must be
the functions of calculating the geodesic distance from an ac-
tivity node, m;, to another activity node, m;, and the geodesic
distance from an activity node, m;, to a performer node, n;,
respectively. Assume that the algorithm also operates on a
given performer-activity affiliation adjacency matrix, X4,
representing the corresponding workflow-supported performer-
activity affiliation network, and its functional procedure name
is ‘AcGeodesicDistance()’ using two recursive functions,
’gDistance()’ and ‘hDistance()’, too. The output of the
algorithm is the geodesic distance measure of an activity, m;,
to either a performer or an activity, m,;, and it is saved on the
activity-centered geodesic distance matrix, GPA as a value of
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the cell, GA*[m;, m;]. The time complexity of the algorithm
is O(N), where N = g + h — 1, and g is the number of
performers and h is the number of activities in a corresponding
workflow-supported performer-activity affiliation network.

The Geodesic Distances Algorithm for Activities:

01: Given Global A Binary Affiliation Bipartite Matrix, X4 [g +
h,g+ hl;

02: Given Global A Set of Performers, P;

03: Given Global A Set of Activities, A;

04: Procedure Name: AcGeodesicDistance

05: Input An Activity (From), m;;

06: Either an Activity or a Performer (To), m;;

07: Output An Activity-Centered Geodesic Distance Measure,
G F mi, m;);

08: Local A Performer Distance Vector, Hy[1..g], initialized by max-

imum;
09: Local An Activity Distance Vector, G [1..h], initialized by maxi-
mum;
10: Begin Procedure
11: If(m; € ANm; #my)
12: For (Vn, € Py adjacent tom; )
13: Hk[nk] A hDistance(mi,nk,mj);
14: roF g
15: G PImy,myl 1+ minimum(Hk [i]) ;
16:  Elself (m; € P) =t
17: For (Vn, € Py, adjacent tom; )
18: If (ng, =m;)
19: Hy[ng] < 0; break;
20: Else If (n; # mj )
21: A « all activities that are adjacent to ng;
22: A, — A, —my;
23: For (Vm, € A adjacent tony, )
24: Gi|[ms] < gDistance(ny, ms, m;);
25: roF N
26: Hy[ng] < 1+ minimum| G [i]
27: Initialize G [1..h] by maximum; =
28: roF g
29: G4 Flm;, m;] < 1 + minimum (H;C [i]) ;
i=1
30: Return G [m;, m;];

31: End Procedure

D. Implications of the Closeness Centralities

In this paper, we are particularly interested in adopting
the concept of closeness centrality to measure the degree
of familiarity among performers in a workflow-supported
orgranization. The semantic significance of closeness distance
in terms of the familiarity metric refers to how quickly a
performer can interact with others via intermediary activities
where the performers are jointly participating to. In conse-
quence of those consecutive calculations of all the performers,
we can draw the answers to the following question from
measuring the closeness centralities on a workflow-supported
performer-activity affiliation network:

o The degree of familiarity: How quickly can a performer
interact with others via very few intermediary activities
in enacting workflow procedures?

Conclusively, the answer to the question is able to convey
a very valuable and meaningful insight to the corresponding
workflow-supported organization. We assure that the primary
rationale of the closeness centrality ought to be on the ques-
tion and the answer. We strongly believe that a series of
theoretical formulations on the closeness centralities and their
implementable algorithms devised in this paper can be used
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in developing a workflow-supported organizational intelligent
system supporting to measure the individual levels as well as
the group levels of the closeness centralities in a workflow-
supported organization.

IV. RELATED WORKS

Recently, technology-supported social networks and organi-
zational behavioral analytics issues have been raised in the IT
literature. Naturally, the workflow literature has just started
transitioning into and focusing on social and collaborative
work analyses in workflow-supported organizations, because
workflow management systems are “human systems,” where
workflow procedures must be designed, deployed, and un-
derstood within their social and organizational contexts. It is
quite natural for the concept of enterprise social networks
(workflow-supported affiliation networks) to be raised and
issued from these human-centered organizational contexts. It
is important to remind that the human-centered affiliation
relationships reveal how each of the individuals is associated
with the essential entity-types of the organizational resources
like activity, role, application, and relevant data. Particularly,
in this paper we focus on the Performer-Activity affiliation
networking knowledge[7] and fomulate their equations for
calculating the closeness centralities among the performers.

K. P. Kim [7] firstly issued the workflow-supported
performer-activity affiliation network as a special type of orga-
nizational social network knowledge acquired from deploying
workflow technologies. In the paper, the author theoretically
derived a series of concepts and algorithms not only for
representing and discovering those knowledge but also for
analyzing the discovered knowledge. Battsetseg, et al. [10]
proposed a theoretical formalism to analyze a workflow-
supported performer-activity affiliation network by measur-
ing the organizational closeness centralities of performers as
well as the organizational closeness centralities of activities.
Note that we try to extend the proposed theoretical for-
malisms through this paper. H. Kim, et al. [11] formalized
the workflow-supported performer-role affiliation network. In
the paper, the authors formally defined the workflow-supported
performer-role affiliation networking knowledge through a se-
ries of theoretical formalisms and practical implementation for
modeling, discovering, and visualizing workflow performer-
role affiliation networking knowledge. H. A. Reijers, et al. [12]
pioneered the human-centered resource management issue in
a workflow-suppoted organization, which can be interpreted
by a conceptual species of the workflow-supported affilia-
tion networks. Through this research, they showed that the
high degree of geographical closenesses among workflow-
performers be leaded to the posivitve effect on workflow-
supported organizational performance by conducting a case
study of distributed teamworks on a workflow process model.

Conclusively, we would say that these pioneering works,
until now, concerning about the human-centered affiliation
knowledge are the outputs in the stage of initiative research
works, which is the discovery phase. The next stage ought to
be the analysis phase. The paper of [10] was just a halffinished
step forward to the analysis phase shifting from the discovery
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phase. In particulay, P. Busch and his colleague in [13][14]
raised the logical necessity of the conceptual triangulation of
workflow management, social network analysis, and knowl-
edge management, which ought to be one of the circumstantial
evidences of the theoretical importance of this paper.

V. CONCLUSION

In this paper, we have formulated a series of closeness cen-
trality measurement equations and proposed their related al-
gorithms and descriptions for analyzing a workflow-supported
performer-activity affiliation network representing involve-
ment and participation behaviors between workflow-based
people and workflow-based activities. We have introduced the
basic concept of workflow-supported performer-activity affili-
ation network and its implications as a meaningful mechanism
of organizational knowledge and intelligence. Particularly, we
restate the mathematical equations for the closeness centrality
measurements, and develop an functional algorithm for imple-
menting those closeness centrality equations. As a future work,
we have a plan to implement those concept and algorithms for
measuring the closeness centralities as a fundamental function
of the organizational knowledge and intelligent management
system.
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