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Abstract

High mobility may destroy the orthogonality of subcarriansOFDM systems, resulting in inter-
carrier interference (ICl), which may greatly reduce theviee quantity of high-speed railway (HSR)
wireless communications. This paper focuses on ICI mitgain the HSR downlinks with distributed
transmit antennas. For such a system, its key feature istlleatCls are caused by multiple carrier
frequency offsets corresponding to multiple transmit anss. Meanwhile, the channel of HSR is fast
time varying, which is another big challenge in the systersigte In order to get a good performance,
low complexity real-time ICI reduction is necessary. Testbind, we first analyzed the property of the ICI

matrix in AWGN and Rician scenarios, respectively. Then,prepose corresponding low complexity
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ICI reduction methods based on location information. Faleating the effectiveness of the proposed
method, the expectation and variance of remaining intenfeg after ICI reduction is analyzed with
respect to Riciari-factor. In addition, the service quantity and the bandiwihtd computation cost are
also discussed. Numerical results are presented to variftheoretical analysis and the effectiveness of
proposed ICI reduction methods. One important observagitimat our proposed ICI mitigation method
can achieve almost the same service quantity with thatmddadn the case without ICI when the train’s
velocity is 300km/h, that is, ICI has been completely eliated. Numerical results also show that the
scenarios with Riciark -factors over 30dB can be considered as AWGN scenarioswhay provide

valuable insights on future system designs.
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High-speed railway, MIMO-OFDM, distributed antennas, Plgp spread, ICI reduction.

I. INTRODUCTION

N recent decade, high-speed railway (HSR) is experienciptpsive growth and the velocity

I of trains can be 350km/h or higher in recent future. HSR eeapecial conditions and
challenges for wireless channel access, due to high vgland rapidly changing environmental
conditions. For instance, the orthogonal frequency-dmismultiplexing (OFDM) techniques

adopted by the long term evolution for railway (LTE-R) ardrerely sensitive to frequency
errors and can be seriously affected by carrier frequensebfCFO), phase noise, timing offset
and Doppler spread, which could trigger the inter-carnégriference (ICl) and deteriorate in high
mobility scenarios[[11],[[2]. In addition, owing to the highofnility feature in HSR, the frequency
handover between adjacent base stations (BSs) is a bigogalin system design. Inl[3],/[4], it

proposed distributed antenna systems to combat the fredpaalover, which introduce a new
infrastructure building, increasing the signal to noisgor§SNR) to user equipments. However,
the corresponding ICI problem has not been involved. Thaltdkreduction schemes for such
a HSR system need to be carefully designed.

In HSR scenarios, the train may travel in a variety of teganch as wide plains, viaducts,
mountain areas, urban and suburban districts, and tunfie&eby, wireless propagation en-
vironments for HSR are extremely diverse, in which viaduatsl tunnels are the two typical
scenarios[[2],[[5]. In addition to tunnels, viaducts acddon the vast majority of Chinese HSRs
(more specifically, 86.5% of railways is elevated in the Bgifhanghai HSR [5]), and there are
few multi-paths because of little scattering and reflectldance, line-of-sight (LOS) assumption
is widely used and the investigation of LOS MIMO channels presented in[]5],.[6].

Based on LOS assumption, it can be observed that in HSR saentdre distribution of arrival
of angles (AOASs) is not uniform and may be discrete for théritigted antenna regimes. This is
because the Doppler spread is caused by few CFOs correggoimdmultiple LOS downlinks.
Previous works aimed at situations where the ICl is causesirigle CFO or the Doppler spread
is with uniformly distributed arrival of angles (AOAs), i.8akes’ modell]7]. The corresponding
ICI mitigation schemes include frequency equalization [8] self-cancellation([9], windowing
and coding([10], etc. For the ICI caused by single CFO, arctffe ICI reduction scheme based
on the unitary property of ICI matrix is proposed In [11], whimay be borrowed into the cases
with multiple CFOs.



On the other hand, the wireless channels in HSR are fast tangng, which indicates low
complexity real-time ICI reduction is necessary. Therefdhe effective ICI reduction methods
for HSR need to be designed by taking into account the new [Rogpread characteristics and
the channel fast time varying nature.

The main contributions of this paper are listed as follows:

1) We first analyze the ICI matrix corresponding to LOS pathsthis scenario, the ICI

matrix is caused by Doppler spread with non-uniformly dstred AOAS.

2) Based on the Rician propagation model, we also derivedGhenatrix corresponding to
NLOS paths, whose AOAs and amplitudes are uniformly and Sandistributed.

3) We prove that the overall ICI matrix is the weighting agraof ICI matrices caused by
LOS and NLOS paths. The weighting factors are the largeedealing coefficients. Then,
we proved that the overall ICI matrix is almost unitary.

4) Based on the theoretical results, we proposed two low t®atp ICI reduction methods
aiming at AWGN and Rician channels, which can avoid the matwerse calculation and
is suitable to the fast time varying scenarios. Finally, ¥heances of reduced SIR with
proposed ICI reduction method are derived.

5) One important observation is obtained that our propoSéditigation method can achieve
almost the same service quantity with that obtained on tlse e@thout ICI when the
velocity of the train is 300km/h. Another observation isttRacian channels with Rician
factors over 30dB can be considered as AWGN channels.

The rest of this paper is organized as follows. Firstly, irctia [II, the system model of
HSR MIMO-OFDM downlinks with distributed antennas is irdieced and the Doppler spread
effects of LOS paths are mathematically summarized via dnni@trix. As to the Doppler
spread effects of NLOS paths and the propagation model witlafRRfading, they are analyzed
in section[Ill. In Sectiori_ 1V, we proposed two low complexi@l reduction methods aiming
at AWGN and Rician channels. Later on, the mean of remainiggas to interference (SIR)
after ICI reduction is analyzed. In sectiéd V, we derived tagiance of remaining SIR and
accumulate service quantity (ASQ) with respect to Riciactdaand the velocity of train. In
Sectior[ V], the effectiveness of proposed method and theracg of previous theoretical results
are verified via numerical results. Finally, the conclusiane given in Section MII.

Notation (-)~!, (-)*denote the inverse and transpose-0f respectively. The symbolE and

G denote the identical matrix and the matrix full with elenseft respectively}|(-)||» denotes



the L, norm of (-).

[I. SYSTEM STRUCTURE AND CHANNEL MODEL OF LOS RATHS

We consider the distributed antenna system shown in(FFighgrevthe base band unit (BBU)
is connected with a serial of radio remote units (RRUs) bycapfibers. At each transmit slots,
the RRUs transmit uniform signals to receive antennas. tlitiad, the distributed RRUs as well
as the receivers at trains are equipped with multiple arignwhich forms the multiple input
multiple output (MIMO) regimes at the downlinks of HSR commization systems. The antenna

number at each individual RRUs and receivers is denoted, bgnd T, respectively.
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Fig. 1. Distributed antennas on rail way coverage systene. RRUs are connected to BBU with optical fibers and transmit
uniform signals to the receivers at trains simultaneously.

Due to the widely used LOS assumption for HSR wireless chanmozleling, we firstly
consider the LOS paths only, which can be modeled as additivee Gaussian noise (AWGN)
channels|[5],[[6]. Furthermore, considering the largdesgath loss, receivers can only identify
few of the RRUs with relatively short distance. Denote theeiee antenna number a§. and let
the resolvable LOS path number corresponding torthle (r = 1,2,--- | N,) receive antenna
as N;. As the train running along the railway, the signal transaditfrom thet-th RRU (¢t =

1,2,---, N;) to ther-th receiver in HSR is modeled as

Yreln] = prihyy[n]an — 7] + w,[n], (1)

wherey, ;[n|, :[n—7] andw,[n| are the time domain received signal, normalized transmitedi
and the circular complex white Gaussian noise, respeytivek the time-delay of propagation
path and less than the guard interval. Previous signaledtahsmit and receive side are vectors

composed by the transmit symbol and receive symbdl,and7, antennash,,[n| denotes the



unitary time domain channel fading matrix apd is the power coefficient containing the power
control of RRUs side and large-scale path loss between aateairs. By denoting the AOA of
each LOS path a8, and involving CFO at each path, one can express the totaleesgnal

at ther-th receive antenna as

e”“’D‘”S O prhya[nlaln — 73] + w[n], )

||M2

= L% v and

wherewp is the maximum normalized Doppler frequency offset dendtgd), =
C'is the traveling velocity of train and light, respectivefyand T, denote the carrier frequency
and the time domain sampling duration of OFDM signals.is the time-delay of each path and
the largestr, ; is assumed to be less than guard interval. It should be nb&gdrie time-delay of
each path is ignored. This is because the distance differamong the paths are relatively short,
comparing to the distance of electromagnetic wave propagat one sampling duratioff, or
one can employ the signal delay launching method by usingdlaive position information
between RRUs and receive antenna, which can be acquiredosiaioming systems, e.g. GPS,
Beidou, etc.

After removing the cyclic prefix and performing discrete Reutransformation on the time
domain received signals ial(2), the demodulated signaithtreceive antenna can be represented
as [4) at the top of next page. Il (4),(k], W,[k], H,,[k] and X[k] are the frequency domain
received signal, AWGN, channel fading matrix and transeditsignal at thek-th subcarrier
(k=1,2,---,N), respectivelyN is the total subcarrier number of OFDM system dngdn — k|
is ICI coefficient between the-th andk-th subcarriers, which can be expressed as [11], [12]

_ sin(m(n+e—k) o (i (1 1 N B
i Nsin (%(n%—sm —k)) P (‘] (1 N) (n+en k)) ' (3)

wheree,; = wpcos(d,,) is the normalized frequency offset between thth receive antenna
and thet-th transmit antenna.

Based on the assumption that the time-delay of each patim@sad, the MIMO channels can
be considered as flat fading. [13] demonstrates that wher©Oi& propagation environments, the

MIMO channel response matrix can be approximatedzasAs illustrated in Sectiofll IG is



=SS pridniln — KH, KX 0] + W, [}

t=1 n=1

Ny (4)
= prelrg0JH,, +Z Z pralraln — KJH, [n] X [n] + W, k]
t=1 t 1 n=1,n#k
desire&rmgnal ICI compononts
the N, x N, matrix fulls of elements 1. Thudl, ;1] = H,,;[2] = --- = H,;[N] = G and all

frequency domain received signals/dtsubcarriers can be represented in matrix form as

N¢
= {Zpr,tIr,t®G}X+Wr = S£X+WT7 (5)

t=1
whereY,, X and W, are theNT, x 1, NT, x 1 and NT, x 1 column vectors constituted by

the permutation of corresponding symbol vectors_in (4) fromo N, respectively. TheV x N
matrix I, is denoted by

Irt =
[ 1,.4[0] L4[1] LN —1] ]
Ire[—1] 1,.+[0] oo LN =2 (6)
L Ir,t[_(N - 1)] Ir,t[_(N - 2)] e Ir,t[o]

The non-diagonal elements &f, correspond to the IClI components in (4). The symbol
denotes the Kronecker produ@! is the sum ofN, channel fading matrices weighted by,
and thus, it denotes the channel fading matrix correspgnmimeceived signals fronV, transmit
antennas. The superscript 8f denotes that the channel fading matrix corresponds to th® LO
paths.

IIl. A NALYSIS ON THE EFFECTS OFNLOS PATHS

Previous works on HSR wireless communications mainly famughe AWGN channels [5],
[6] or the estimation of Doppler spread [14]-[17]. In thisrpave derived the Doppler spread

model in HSR scenarios with Rician fading model. That is,hwkhown Rician K-factor and



velocity, the effects of non-line of sight (NLOS) paths isfzed under the Rician channel fading
model. It can be noted that the analyzed propagation modwhasof the specific scenarios of
base expansion model (BEM) [18]. This is because, in HSRas@®s) there exist a strong LOS
path and the NLOS paths are assumed to be Gaussian digtributieis paper.

A. Rician Channel Fading with Doppler Spread

Review the Rician channel fading shown in Fif. 2, there exis©S path and a large number
of reflected/scattered (i.e. NLOS) paths in one delay winddwe unitary channel fading between

one of the antenna pairs il (1) can be modeled as [19]

Y ST
hyyn] = mej + THCN(O’”’ (7)

where the first and second term corresponds to the LOS patNa®& paths, respectively: is

the phase of LOS path ar@®\V (0, 1) is the aggression of large number of NLOS paths, which
is circular complex Gaussian distributed. is the Rician factor and denotes the power ratio of
the LOS path to NLOS paths.

t-th Transmitter ,
Reflecting/
LOS Scattering paths
(NLOS)

p It

/ ? r-th Receiver

Fig. 2. Channel propagation model between the t-th tramsméind the r-th receiver with LOS and reflecting/scattepaths,

the large-scale channel gain between antenna paif. s

The effect of LOS paths with Doppler shift has been analyzreseictior 1l with [3) and[{4).
As to the NLOS paths, we assume that the amplitudes are Gaudstributed and the path
number isN, (N, — oo). Denote the amplitudes of each pathsuagi = 1,--- , Ny). It can be
noted that, according to the central limit theoreml [20], th&tribution of a; doesn’t affect the



aggregation of NLOS paths. Thus, one can immediately dehiata; ~ K+1CN( ) The

effects of Doppler spread caused by the Doppler shifts of Slgaths can be expressed as

sin(m(n — k 4+ wpcos(6;)))
Z i Nsin(f(n —k +wpcos(b;)))’ ®

which is the interference amplitude from theth to the £-th subcarriers; is the AOA of the

i-th NLOS path and); ~ U[—m, 7]. The statistics ofD[n — k] can be summarized via following

lemma.

Lemma 1. D[n — k| is complex Gaussian distributed and

CN(0 n==k

Dln — k] ~ ’K+1)2
CNO, i) - n# ks

wherewp is the maximum normalized Doppler frequency offset.

Y

Proof. Proof of this lemma is given in appendiX A. O

It can be noticed that the variance of Doppler spread deeseémearly with the index
difference(n — k) and is determined by the velocity of train as well as fidactor of Rician
channels. In addition, the AOA of the LOS path in Hi§). 2 doesiffect the Doppler spread of
NLOS paths, which is intuitionistic.

B. Propagation Model With Rician Fading

By substituting the results in Lemni& 1 in{d (5), the chanmeppgation model with Rician
fading can be modified akl(9), shown at the top of next pagés the channel fading matrix of
Rician channels with Doppler spread, wher&h and SY corresponds to the LOS and NLOS
paths.R; is the aggression of these paths &d= r,G (r;, ~ CN(0,1)), when beam-forming
is adoptedI, is the ICI coefficient matrix caused by the Doppler shifts &f®8& paths and can
be easily obtained by replacing;[n — k] in () with Ip[n — ], i.e.



Nt Nt

K 1

Y, = 75 L Gy X 75 ) QR P X4+ W, =(SE+SHX +W,.
K+1{t:1p7t ,t® } + K+1{ p7tD® t} + (7«“— T) -+

t=1 S

9)
I, =
[ Ip[0] Ip1] Ip[N —1] ]|
Ip[—1] Ip[0] coo Ip[N = 2] (10)
| Ip[-(N =1)] Ip[-(N —2)] Iplo] |
where
1 ,n==k
Ipln =k =93 . (11)
m o MFEk

The estimation ofSY in (B) is actually equivalent to the estimation of large scahannel
fading p,;, which can be acquired with known relative positions betw&RUs and receive
antennas[[21]. In addition, the estimation $f in (@) is equivalent to the estimation &,
which can be acquired via channel estimation methods. Hameeassume tha$, has been
perfectly estimated. In order to mitigate the ICI influencetbe OFDM symbols detection, it

is necessary to eliminate, in fact.

IV. ICl REDUCTION SCHEMES

As previously illustrated, ICI components [d (4) can be @tlby counteract operation method
via repetition coding (i.e. ICI self-cancellation) [9], wh could reduce the bandwidth efficiency
for fast time varying channels. Likewise, ICI can be redueidfrequency equalization[[8], [22],
which can mitigate ICI efficiently but is limited by the conegity of matrix inverse calculation,
especially with large amount of subcarriers. Both of thehuods can either reduce spectrum
efficiency or with very high computational complexity, whidimit their applications in HSR

scenarios.
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In this section, we shall utilize the approximately unitggoperty of the channel fading
matrix S,. to retain the spectrum efficiency and achieve low complefkgguency equalization
for real-time ICI reduction over fast time varying HSR chalsn For the scenarios with and
without NLOS reflecting/scattering paths, two distinct i€duction methods are proposed and

the effectiveness of these two methods shall be analyzedditios[V.

A. Orthogonal Property, IClI Reduction Method and SIR Anialyis AWGN Scenarios

Let us first analyze the properties of channel fading matick summarize the unitary property

of St as following lemma.

Lemma 2. St defined in(8) is approximately orthogonal, that is,
(S))'Sy~E® (88). (12)
where3 = Eiv:tl pr+G is the weighted sum of LOS fading channels frbrRRUSs.

Proof. The proof of this lemma is given in appendiX B. O

Based on the result of Lemma 1, the approximately frequencplezation can be executed
by replacingys(Sy)~! with (Sy)"/vs. 73 = trace ((S})TS,P) = NT,T,.(3X1, p4)? SO thaty,
is the channel gain of summed fading channels frdmtransmit antennas to theth receive
antenna. HenceSY)? /4 is normalized and retains the power of frequency equalizguiats

Y., which can be immediately expressed as

A 1 1 ’}/ /
Y, = —(SH)TSEX + —(SH)'W, = 2 (E® G')X + +/72/SIR), + IW_, 13

which avoids the complexity of calculating,!. SIR, denotes the SIR at the-th subcarrier
after approximately frequency equalization aWd, is the normalized AWGN and the noise
power coefficient includes the remaining interference proy§¢SIRk and the original normalized
Gaussian noise power il (50’ is the T, x T, matrix full of elements 1. It can be observed
that the ICI caused by high mobility has been eliminated.

To analyze theSIR,, in (I3), let(SL)"SL = AL. Notice the definition of Kronecker product,

SE can be considered as partitioned matrix and the size of swicesis7, x 7,. In addition,
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Ny

ALk, k) Z Z Pr,ipPrSIN(TEL;)sin(Te, ;) GG 4+ zt: Z PriprjSin(me, ;) sin(me, ;) TG

i=1 j=1 WETZET] i=1 j=1 3
(15)
N prip sin(me, ;) sin(me, ;) NS prip sin(me, ;) sin(me, ;)
AL ]{3 ]{3 _ rar,g 0 ] GTG rar,g X3 i GTG
bl o) ={ Y5 PrranlEEn DIPR o s
=1 j=1 i=1 j=1 ’ )
al pripriSin(me, ;) sin(re, ;) .
£ad o T ) g o
™2m
i=1 j=1

(16)

because of the frequency domain transmitted sighalg are normalized and independent with

each otherSIR, can be expressed as

A7, )3
iy AR (R, D3
where AL (k, i) is the submatrix at thé-th row and thei-th column. The diagonal and non-
diagonal submatrixAk(k, k) and AL(k, k + m) can be calculated by (15) and {16), which are
shown at the top of next page. Hence, #i&, can be derived by substituting_(15) arid1(16)
into (14).

It can be noticed that the precise expressionSOR, is much too complex and can not

SIR, = (14)

provide brief insight on the performance of proposed ICluettn method. Thus, a closed form
approximation is provided in sectidn V by the maximum andimad SIR, and the accuracy
has been verified by simulation results. The SIR dynamic gagigthek-th subcarrier as the

train running alone the railway can be simplified as

_ 4
max(SIRy) = mor oo (17)

min(SIR;) = 1

8w} cost(0p)¢(4)

P2 . .
The variables) = ”i andcos(04) = dn/+/d} + d? are the ratio o7, , to p7,, and the cosine

of signal AOA from the(j + 3)-th RRU, when the train is at A in Fidl X (4) = g—g is the

Riemann Zeta functiori [23]. Proofs df (15], {1€),1(17) arsoagiven in appendik]B.
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The orthogonality based frequency equalization schemebeasummarized as algorithiph 1.
It can be observed that due $ can be expressed via the weighted sunl,gf® G, proposed
algorithm avoids the computation complexity and bandwixtikt for Doppler spread estimation,
i.e. the overall channel fading matrix affected by Dopplaeresd can be easily generated via the
known train velocity and relative positions between RRUd geteive antennas. This is because
the fast time-varying small-scale channel fading infoiorais omitted and matrixG is fixed
and known, while the large-scale channel fading can be gietlivia specific methods, e.g.
the Okumura-Hata propagation prediction model [21]. Initold, employing(SY)? rather than

(SL)~! reduces the computational complexity of frequency eqatbn.

Algorithm 1 Frequency Equalization in LOS Scenarios
Input:

1) The set of system parametefs;,, T,, N'};
2) Received signalsy,;

3) Map of large-scale fadingyl;;

4) Velocity of trains,v.

Output: Frequency equalized signal,
Initialization: Search large-scale fading infos (i&.;) from M.
While large-scale fading infos remains stable

1) Generatd,; with (6);

2) St « S pLL®G.

3) 75 ¢ VNT,To(XC 0 pra);

4) Y, « L (sY) Y,
Return: Y,

B. Orthogonal Property, ICI Reduction Method and SIR Analys Rician Fading Scenarios

For the scenarios with Rician fading channels, more chamfetmation and computation
complexity is need to to reduce ICI. This is because the nangart in [7), which is caused by
the random scattering/reflecting, needs to be estimateeléamdhated. Similarly, the orthogonal
property holds for the channel fading matrices with Riciaoppler propagation model, which

can be expressed as following Lemma.
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Lemma 3. S, defined in(@) is approximately orthogonal, that is,
;'S ~E® ("), (18)

where { = Zfﬁl pmg< KLHG + */ﬁRt> is the weighted sum of Rician fading channels
from L. RRUs.

Proof. The proof of this lemma is given in appendix C. O

Thus, the approximately frequency equalization can alsexeeuted by replacing,S;* with
ST /v, where~; = trace(3T3) and . is the channel gain of summed fading channels from
N; transmit antennas to theth receive antenna. Henc8! /~. is normalized and unitary. The

frequency equalized signa, can be immediately expressed as

1 1 /
Y, = —S[S, X+ —SIW, = 7 X + /7¢/SIRx + 1W,,, (19)
V¢ ¢

which avoids the complexity of calculatirg but involves the estimation of small-scale channel
fading R, compared with the ICI reduction method proposed in SedfigAll SIR, and W,
has the same definition with previous illustrated.

To analyze theSIR; in (I9), let SS, = A,, (SY)" S¥ = AN, (SL)" SN = AMN and
(S}Y)TS,P = AN, which are partitioned matrices and the size of submatiedd x 7. The

diagonal and non-diagonal submatricesAdf is

7T2w2 L L
ANk, k) = (1 + =5 D) S o RIR, (20)

i=1 j=1
and
AN(k, &+ m) {ZZ p”p””DRTR }( 1™, (21)
i=1 j=1
Also, AN can be expressed as122) amdl(23), which are shown at the tomxfpage.
The expression oA is omitted, which can be easily obtained by N)”. Referencing the

expression in[(14), the SIR at theth subcarrier can be immediately expressed as

AL (k, k)2
SN e 1A (k)13

SIR, = (26)
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Ny

ALN(k, k Z Z p?” zpr]SZTL(TFEr Z) G’TR _|_ L Z Z pr ZpT’]SZ/n’(ﬂ-ET’Z)wDG R (22)

TEr
=1 j=1 e i=1 j=1

Ny N Nt Ny
ALN(/{? L + m { z:: z:: rzpr]wD GTR + Z jz:: Pr, zprgjrjln 71-5)7“ l) GTRj

(23)
V2 Z Z pr,iprrr,;;r,iwD GTRj}(—l)m

i=1 j=1

max(SIR,)
HKP?HGTG + 2\/EP?+2GTRJ‘+2 + p?+2R]T+2Rj+2‘ 3
20 (46K pj1pj42wp? c0s2(04)GTG — AVEK pj1pjaow cos?(0.4) GTR 1o + 207 ,wh RT LR |3
(24)

H4Kpg+2GTG + 2\/7p3+2 T(Rjt1 4+ Rjga) + 07 o(Rjp1 + Rypo) (R + Rypo)|[3

min(SIR
) = T DIRR 202 (05)GTG 1 2,ab Ry Rysa) (Ryrs + Ry ra)
(25)
where
K VK VK 1
An(k,i) = ——AY(k, i) + —— ANk, 4) + —= AN (ki) + ——AN(K,49). 27
(ki) = 1 ( )+K+1 - ( )+K+1 (,@)+K+1 N (k,i).  (27)

The corresponding maximum and minintdlR, can be simplified ad_(24) and_(25), which
is shown at the top of next page and is the SIR dynamic rangbeat-th subcarrier as the
train running alone the railway. The mean bfl(24) and (25) aso be expressed ds{17). The
derivation of the meaSIR,, and [20){(26) are shown in appendik C.

Based on previous theoretical results, the orthogonalisell frequency equalization scheme

can be summarized as Algoritim 2.

V. EVALUATION OF PROPOSEDICI REDUCTION METHODS

In this section, let us consider the situation when the poesfelLOS paths can not to be
neglected. The effectiveness of proposed ICI reductioroissiclered respect to varying Rician

K factors. Later, we shall analyze the impact of remaining &fter ICI reduction from the
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Algorithm 2 Frequency Equalization in Rician Scenarios
Input:

1) The set of system paramete{s;,, T,, N};
2) Received signalsy,;
3) Map of large-scale fadingyl;;
4) Training sequence on pilot$;;
5) Large-scale fading infog,,; ;
6) Velocity of trains,v.
Output: Frequency equalized signal,
Initialization: Search large-scale fading infos (ig.;) from M, and estimate the channel
fading { =G+ ﬁRt} with 7.
While the large- and small-scale channel fading remains sidble

1) Generatd, ; with (6);
2) S, + St +SY, whereS! andSY are generated froni](9);
3) ¢ + trace {Eivztl Pri ( KLHG + ﬁRt)};
4 Y, + LSTY,;
%
Return: Y,

perspective of information theory and evaluate how mapéitfects the ASQ of proposed ICI
reduction method. ASQ [24] is the accumulate channel sesapacity in one period. In addition,
the approximate calculation of ASQ is proposed, which gisese specific instructions for
the design of HSR wireless communication systems. Fintily,computation complexity and

bandwidth cost of proposed ICI reduction methods is andlyze

A. Effectiveness with Respect to K Factor

In proposed ICI reduction methods, the frequency equabizais carried out by applying
(SEYT /45 or ST/~ to both sides of[{9) in AWGN or Rician scenarios, respecgivéhus, fol-
lowing two questions should be answered: 1) When the prdjmagehannels can be considered
as AWGN channels. 2) How the NLOS paths affects ICI reductesults. That is, the suitable
situation of proposed ICI reduction methods and the effe€tsarying K factor on AWGN

or Rician scenarios need to be analyzed. For the concise pdrpthe theoretical results are
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summarized in following lemma.

Lemma 4. In ICI reduction method aiming at AWGN scenarios, the exgiext and variance

of maximunmSIR, with respect to Rician K-factor can be expressed as

_ YK
E (max (SIRy)) T 72wk cos?(04)C(4) KL (2)w?, (28)

Var (max (SIRy)) = 8log], (1 + be2) ) dB2.

29w%, cos?(04)C(4) K

In ICI reduction method aiming at Rician scenarios, the aade ofSIR, with respect to Rician

K-factor can be expressed as

Var (max (SIR = 400 de
Var (min (SIRy)) = = o 200 d82
Proof. Proof of this lemma is given in appendiX D. O

It can be observed from Lemnaa 4 that, in ICI reduction methodrey at AWGN scenarios,
the expectation of maximurfiIRy increases with respect to Rician K-factor. Meanwhile, the
variance ofSIR; decreases with respect to K. Thus, in scenarios with prpgedh K-factor,
the effects of NLOS parts can be neglected. Using the vagiam@xpectation ratio (VER), we

define the proper K-factor as follows.

Definition 1. Define the Rician K-factoi, satisfies thatya-ax(3It)

F(max(STRy)) X where y is the
preset threshold (i.e. 10%).

For channels with' > K, adopting Alg[1 can acquire less VER thgnIn these scenarios,
propagation channels can be considered as AWGN channelheXontrary, for channels with
K < K,, Alg. 2 should be adopted to provide better ICI reductionfgrenance, including
higher expectation and less VER of remainifid?,.. In these scenarios, propagation channels
should be considered as Rician channels. The proof can g daesved with the monotony of
E (max (SIRg)) and Var (max (SIRy)).

B. Accumulate Service Quantity

Without loss of generality, let A as the original, the pasiti: from A — C' varies fromo0 to

dy, which is the distance between adjacent RRUs. In additienptk the corresponding signal
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to interference plus noise ratio at tteth subcarrier §INR)) as SINR(x). Hence, the ASQ

L(wp,x) of k-th subcarrier can be represented|as [24]

x/v 2
g
= 1
Lepd) /0 o8 (1 T J2/SINRy (rv) + 1) i

X ’)/2

,}/2
2@{ log, (1 ey (ax(SINRY)) + 1) + log, (1 T JE(min(SINRy)) + 1) }
(30)

~
~

The approximation of (30) is by using the the linear appration of SINR, (z) with respect to

x, which will be verified by simulations in next Section.af= ¢, the ASQ is the mobile service
(MS) and denotes the accumulated channel capacity in omedp&bserving[(1l7) and (B0), one
can find that as the mobility increases, increases as well and hence, reduces the channel
mobile servicel(wp, ). On the other hand, one can conclude that the MS at one deistimi
subcarrier is only related to the velocity when the K-facésr well as the distributions and

transmit power of RRUs are determined.

C. Computational Complexity and Bandwidth Cost

In AWGN and Rician scenarios, Alg] 1 and Algl. 2 is adoptedpeesively. The difference
of two proposed ICI reduction method is whether or not ediimgathe small-scale channel
fading. In literature, there are amount of channel estiomathethods. For instance, in [25]-[29],
minimum mean-square error (MMSE), least-squares (LS) amdhEn-based channel estimators
are proposed, which cost different computation compleisityot the scope of this paper. Thus,
we ignore the channel estimation complexity and only caarside complexity on ICI reduction.

In Alg. @ and2, the complexity of generatif®f and SY is O(7,,7,LN?). In addition, the
approximate frequency equalization is carried out by symmplltiplexing the transpose & or
S,, which costO(NN?). Thus, the overall ICI reduction computational complesist{) (7,7, LN?)
and no additional bandwidth cost is needed.

VI. NUMERICAL RESULTS

In this section, numerical results are presented to showadheity of our theoretical analysis
and provide more insights on the effectiveness of propoSédelduction algorithm. By absorbing

the transmit power into large-scale path loss, which is rembiéia Okumura-Hata model[21], the
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received signal power can be normalized (&= 1) and the channel gains can be represented
as G(d) = B — 10alog(d), where« is related to the height of receive antennas and defined
as 3.8. The propagation distance is denotedibyhe parametel3 controls the receive signal
power and has been set H. d;, andd, in Fig.[1 are defined as 500m and 100m, respectively.
Referencing the simulation parameters [in![30], the OFDM @arg durationT is 71us and
2.4GHz, respectively. The total subcarrier number= 1024.

A. SIR and ASQ Performance versus

We summary the maximum and minimum SIRs versus diffetgntin table[]. To illustrate
the overall SIR performance of proposed method, we also thigeheoretical SIRs calculated
by (17) and the simulated SIRs with and without ICI reductairspecificop = 0.08 in Fig.
??, that is, the velocity is 500 km/h. The black vertical linemndte the positions of RRUs. The
propagation channels are assumed to be LOS (i.ex Koo). It can be seen that the calculated
theoretical maximum and minimum SIRs with [17) are 51.75dB 85.01dB, corresponding to
simulated SIR 51.61dB and 35.22dB, respectively. This cowfil that our theoretical upper- and
lower-bounds are tight and with high accuracy to its realgal In tabléll, the minimum SIRs
with proposed ICI reduction method are significantly higkieain that without ICI reduction.
In addition, at most of the positions in Figl 3, the resultd® Sia proposed ICI reduction
method is observably higher than the SIR without ICI redurctiThat is, for such a interference
limited OFDM system, one can conclude that proposed ICI ¢gd method can effectively
increase system capacity at most positions on the railwdypaovide promising mobile service
enhancement.

Also, the simulated and theoretical MSs versus differeptare summarized in tablé I. In
addition, for specificop = 0.05 and 0.08, the theoretical ASQ with {30) and the ASQ with
and without ICI reduction are depicted in Fig. 4, correspogdto 300km/h and 500km/h,
respectively. It can be observed that the approximatior3l) @t discussed velocities is tight
and the ASQ can be precisely predicted withl (30). ObserveA®@ without ICI reduction in
table[] and Fig[[¥4, one can find that the ICI increases sigmifigavith respect to mobility and
results in a sharp loss of ASQ. By contrast, our proposed li@igation method can get almost
the same performance with the ICI completely removed moderims of the mobile service in
HSR scenarios witbvp = 0.05. For HSR scenarios witlap = 0.08 ~ 0.2, the MS loss with ICI

reduction varies fromi 3% to 34% compared with IClI completely removed. However, the MS
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SIR with proposed ICI reduction method

60 [ 1
[n] —=&— S|R with on ICI reduction
55 - 51.75 dB —&— Theoretical Maximum SIR with (17)
‘;‘e —3— Theoretical Minimun SIR with (17)

m
T 12 < F
o 50 / il
I
& | 51.61dB /
Q45 B/
c .
& -
£ 40
Q
E
235
©
5
» 30

25

g
23.33dB
20
-1000 -500 0 500 1000
Position /m

Fig. 3. The experimental SIRs Versus different Position00km/h without scattering/reflecting and MIMO regimetis 4.
The x-label represents the position of receive antenna hadyiabel represents corresponding SIRs with and with@ut |
reductions. The horizontal lines are theoretical maximund minimal SIRs via[(1l7).

loss without ICI reduction varies fror89% to 55%. That is, proposed method can efficiently
retain the MS of system, especially for the HSR scenariols avit = 0.05 ~ 0.08, corresponding
to 300km/h ~ 500km /h.

TABLE |

SIRs (shown in dB)AND MSs (bit/s/Hz, x10°) VERSUSwp

wp 0.05 0.08 0.12 0.15 0.2
Max reduced SIR 60.6 51.73 4596 4163 38.2
Min reduced SIR 43.82 3497 29.21 2491 2154

Min SIR without reduction 27.41 22.98 20.06 17.87 16.11

MS with no ICI 12.82 7.68 5.49 4.26 3.49

MS with ICI reduction 124  6.68 4.2 289 211
Theoretical MS with[(3D) 1254 6.95 4.46 3.1 2.3
MS without ICI reduction 9.0 4.69 2.98 2.10 1.57
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=—3¥— ASQ with no ICI at 300km/h
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Fig. 4. The accumulative service quantity (ASQ) over onecauter, where the velocities are 300km/h and 500km/h,
corresponding tawp = 0.05 and 0.08, respectively.

B. Effects of Antenna number and Rician K-factor

The effects of antenna numbers are summarized in fable tlaritbe seen that the antenna
numbers don't affect the expectation and variance of Blgad Alg.[2. This is because the signal
and interference power i {114) arld{26) grows linearly VifitI;, simultaneously. Therefore, as

the antenna number grows, the expectation and variancerpenice of SIR remains unchanged.

TABLE Il
EXPECTATION AND VARIANCE VERSUSANTENNA REGIMES

(shown in dB, iteration times = 1000)

Antenna Regime 1x1 2x2 4x4 8x8
AT E(max(SIRyx)) 48.76 48.72 48.87 48.80
g Var(max(SIRy)) 3.90 4.46 378 4.23

E(max(SIRx)) 48.76 48.72 48.87 48.80
Var(max(SIRx)) 3.90 446 3.78 4.23
Alg.

E(min(SIRy))  48.76 48.72 48.87 48.80
Var(min(SIRx)) 3.90 446 3.78 4.23

Fig.[3 and 6 demonstrate the SIR and variance performancégofland Alg[2 versus Rician
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factor. Besides, the theoretical and simulated expectamd variances are summarized in table
[l The simulation parameter, and antenna regime are 0.08 ahd 4, respectively. That is,
the simulation results are shown in scenarios with velooftyy00km/h. Observe and compare
the ICI reduction performance of Algl 1 afd 2, one can corelilnt

1) In Alg. [, the expectation and variance of maximum SIR éases and decreases with K,
respectively. By contrast, even though the variances ofimax and minimum SIRs in
Alg. 2 increase with K, the expectations remain stable.

2) Any channels withK' > 30dB can be considered as AWGN channels. (In the scenarios
with K = 30dB, which is marked in table_IllVar(SIRy)/E(SIRx) ~ 10%. According to
definition[1, one can claim that, = 30dB.)

3) For arbitrary K, the variances of remained SIR in Aly. 2 lass than that in Ald.]1. When
K < 30dB, Alg.[2 can provide better ICI reduction performance. Hogretor X > 30dB,
adopt Alg.[1 can provide satisfying performance.

Finally, as shown in table_lll, except for scenarios with I®ician factors (i.e. 10dB), the
theoretical expectations and variances are with high acguto the simulated ones. This is
because the linear approximations in](40),] (41) dnd (42)véte the assumption that K is
sufficiently large. Notice the fact that, in most of the HSRsarios, the scattering/reflecting is
poor [8], [6]. The accuracy of theoretically approximategbectations and variances in {17) and

lemmal4 is sufficiently enough for HSR scenarios.

VIlI. CONCLUSION

This paper analyzed the ICI reduction problem in HSR scesdadr MIMO-OFDM downlinks
with distributed antennas and prove that the total IClI matan be formulated as the weighting
average of single ICI matrices at related SWGN/Rician dowsl where the weighting coeffi-
cients are the corresponding channel gain factors. By aimgythe features of ICI matrix, the
unitary property whenup, — 0 is derived, based on which, an ICI reduction method without
computational costly matrix inversion is proposed. Theppsed ICI reduction method can retain
the spectrum efficiency and achieve low complexity freqyeequalization for real-time ICI
reduction on the fast time varying HSR channels. In addijtiba ICI reduction performance are
analyzed via the derived SIR expectation and variance wghect to Riciark -factor. Numerical

results show that our proposed ICI mitigation method caraffabst the same performance with
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Fig. 5. The ICI reduction effects with algorithimh 1. The edpental SIRs versus different Positions op = 0.08 are shown

different Rician factors, i.e. K = 20dB, 30dB and 40dB, regtjpely. The MIMO regime is 44 and corresponding velocity is
500km/h.
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that obtained on the ICI completely removed mode in term&@htobile service in the scenarios
of HSR with velocity of 300km/h.

It can be noted that with the location information, the senifCI matrices of LOS paths can
be acquired and hence, the estimation of weighting coeffici@and fadings corresponding to

NLOS paths are the key of ICI mitigation in HSR scenarios,clhinay be taken into account
for future works.
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TABLE Il
EXPECTATION AND VARIANCE IN THEORY (Th) AND SIMULATION (Sim) VERSUSRICIAN FACTORS

(shown in dB, iteration times = 1000)

Rician Factors 10 20 30 40
— Sim - 4228 4862 51.25
max
o . Th - 3928 47.42 50.96
g Sim - 17.92 4.16 0.19
Varmax(SIRW) L 5101 308 0.8
A Sim 51.68 51.72 51.73
max
. Th 5161 5161 51.61
Sim 819 033 003
Var(max(SIRi) ' 520 038 0.04
Alg. 2 : : :
g Sim 350 350 35.0
E(min(SIRk))

Th 3522 3522 3522

Sim  1.20 0.12 0.01
Var(min(SIRk))

Th 1.89 0.19 0.02
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APPENDIX A

Because the AOAs and amplitudes of each NLOS paths is ind.\g is sufficiently large,
according to the central limit theorem®(n—k) is complex Gaussian distributed and the variance

is related to the power of the first and second ternibf (8). Betire second term ag6), one
can derive that

L B R B e R

- 2w J_ \ Nsin(5;(n — k + wpcos(0;))
2
1 [T sin(rwpcos(6;)) o
:{ 27 —7r< muD?os(Gi) ) d@,z n=Fk
1 [ sin(rwpcos(6;))
27 f—w (Nsin(%(n—i—l—wpcos(@i)))) d@, n % k.
Ignore the smallup, when (n — k) # 0 and approximatein(nmwpcos(6;)) with rwpcos(6;),
the expectation of (6)? is
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E<I<9>2>—{ Lok
B i n%k

2(n—k)?

Obviously, the mean oD(n — k) is

- iE(ai)E(I(G)) ~0.

Hence, the variance of Doppler spread in Lemha 1 is

1
1 —k
2 . 2 2 o K-‘rl’ n
BDG - k) = NB@Br0p) - { "
KR N7k
APPENDIX B

The proving of the unitary property of the transmission a8 can be split into two parts,
i.e. the diagonal submatrices Bf. approach(>"r , p..G)” (3.1, pi.,G), denoted ag” 3, and
the remaining interference caused by non-diagonal sulreattends to be vanish as, — 0.

From (3), we can see thdf,[N +n — k| =I,;n— k|, lim I,;n— k] =0 and

(n—k)—o0

_sin (e, ) exp (jmer) ek

A Ln =K = — Ty YT (31)
Hence, the componert ;[n — k] can be vanished for sufficiently large — k). Substituting

(31) into [6) and vanishing the imaginary parts for tiny;, we can derive the expression of

AL(k,k+m) as

ALk, k+m) = Z ZZ{

N-1) =1 j=1

Priprgsin(m(u — 5r,i))51n( (u+m—ey)) GTG}
7T2(u — ém)(u +m — 5r,j) ’

The diagonal submatrices a%, m = 0, is

Ny N

A{?(/{:, k) = Z PriprSin(me, ;)sin(me, ;) GTG + 92 Z Z Zt PrifPrSin(me, I)SIH(W&J)GTG.

2
T4Ep i€ i
i=1 j=1 T i=1 j=1
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Using the assumption that is sufficiently large and the conclusion of Riemann Zeta fiomg
ie. > oo, - = ((k) [23], we can derive tha%@oozujv:‘f# = ((2) = %2 Hence, [(Ib)
can be easily derived. Whenp — 0, the first component of_(15) can be approximated as
S Z] L pripr;GTG = 873 and the second component can be vanished.

The non-diagonal submatrices Af:, m # 0, is

Ny N

AL(k, k4 m) :{ Z PriprSin(me,, 1)81;117%” e Zt Zt Pr.ifPr,;SID W&rl)SIH(WérJ)GTG

2
w2e, (e ™ 6 +m)e
i=1 j=1 7“71( mJ i=1 j=1 T ) r,J

—m—1 Nt N

N Z Z pmp,n]sm(ﬂsm)sm(ﬁsm)GTG

2 _ _
—1) i=1 j= 17T u Er )(u—|—m 57”,])

-1 N¢  Ng
. Z Z pglpmsm(ﬁém)sm(ﬁém)GTG
w2 (u—er;)(u+m—e, )

—(m—1) =1 j=1

i PriPr i SIN(TE, ;) sin(Te, ;)

Ny
Z « (U — &) (u+m —€)

i=1 j=

5

u=

1 GTG}(—l)m.
1
(32)

By approximatingu + ¢,; with « and adopting the assumption &f — oo, (32) can be
simplified as[(IB). The orders of the first and second compadngfi8) areO(wp) and the third
component’s order i®(w?), whereO(-) is the order operator. Asp — 0, O(wp)+O(w?) — 0.
Hence, the ICI matriXD, is approximately unitary whew, — 0.

As the unitary property declines with increasing velocitye ICI reduction performance
decreases and the remaining SIR can be expressédlin (14ufHs is the matrix full with
elements 1, th&IR, is determined by the coefficients in {15) and](16). Thus, hydéig (18)
by (I8) and denoting the result &Ry, ,,,, the ISR caused byk + m)-th subcarrier is

Nt Nt A .
ISR.. =~ Q: 26, iEr + MEL; — MEL; )2 4w cost(0p)
k,m ~ < 7

i=1 j=1 ET’,igﬁj + mE,»’j — mET’,i — m2 m4

Hence, the upper-bound of summEtR,, is

0 oA oA
ISRy <2 Z %#i(% = 8w}, cos*(05)C(4),
m=1

whered> ™ L =((4) = g—g and the minimum SIR can be expressed[as (17). The minimum
SIR corresponds to B in Fi@ll 1 arg; is the AOA of signals from thé; + 3)-th RRU.
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By contrast, A and C corresponds to the maximum SIR. Withoss lof generality, A is
considered. In this situatiol;;; = 7 — 6,43, 0,52 = 0, pjy1 = pj+3 and pjo > p;1 holds.
For the concise of paper, dendtg ; asf4. Due to the large-scale path loss, only signals from
the (j + 1)-th to thej + 3)-th RRUs are dominant anfl = 3. Substitute above equations into
(@I5) and [(I6) and ignore the tiny parts, one can generateotherdbound of remaining ISR at

the (k + m)-th subcarrier as

6pj 1w cos?(0.4)

pj+2m?

6pj4+1pj42wp cos(B 4)sin(mwp cos(O4)) + 8p?+1sin2(7er cos(0a)) N 2
ISRgm > { T T } (
,m ~

p?,sin?(rwp cos(Aa)) p?.sin?(rwp cos(Aa))
p3+2 +4 ]+17r2wD cos(64) + 4= 3

The corresponding maximufiR,, can be easily derived ds{17) by substitutng,_, -5; = ¢(4
into ISRy, =25 "°_| ISRy, .

APPENDIX C

The proving of the unitary property of the transmission ma#, can also be split into two
parts, i.e. the diagonal submatrices\ofapproach(>"r pt,rKLHG—FKLHRt)T(Zt L P Gt
KLHRt), denoted ag”¢, and the remaining interference caused by non-diagonahatitzes
tends to be vanish asp — 0.

Observing [(B) and{10), one can derive the expressioAlofand AZY by simply replacing

sin(mey, ;) szn(wer j
G, e —" and with R;, f(
of N — oo, the correspondlng dlagonal and non-diagonal submatdaesbe easily expressed

as [20), [(21),[(22) and_(3).

Vanish the components with ordetw,) andO(w?) aswp — 0. The conclusion in Lemma

and 1, respectively. Thus, adopting the assumption

can be easily proved.

Referencing the remaining SIR ih_(26), the ICI reductionf@@nance of proposed method
decreases with increasing velocity. Observe the struaitif@3), (16) and[(20)E(23), one can
claim that the SIR performance of Alg. 2 is similar with Alg.Tlhus, the maximum and minimal
SIRy is achieved at A and B in Fidl 1, respectively.

Observing the expression of*N(k, k +m) and considering the fact that™™ = (AXN)T, one

can easily derive that

N

ANk ke +m) + ASN (ke k 4+ m) Z 3 {2””’]‘”” (Merieri | o f5PriPrsCri®n }GR,.
1

—m?) m?

=1 j=

(33)
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2 2 2 2 2 2
Pi+1Pj+2wy) cos?(04) ~T Pi+1pj+2wh cos?(0a) ~T Pito“D T 2
||6 K p G'G—-4vK o G Rji2+2 Rj+2Rj+2||2

m2

||Kp§+2GTG + 2v Kp?+2GTRj+2 + p?+2R?+2Rj+2| 3

ISRk,m >

(34)

20(4)[|6K pjs1pjrawp® c0s*(04)GTG — 4VK pjj1pj 2w c05*(04) G Ryia + 207 owh RT R 1o 3
|Kp3,2GTG +2VK 5 ;G R 1o + 5 R R o3

ISR, >
(35)

Kp§+2w2Dcos2(GB) G—TG p?+2W2D T 2

S — — + 2 (R + Rj) (R + Ryl

ISRpm < 2 QT 2 QT 2 T 2
||4Kpj+2G G+ 2\/Epj+2G (Rj+1+ Rjpo) + Pj+2(Rj+1 +Rj2)"(Rj1 + Rya)[3
(36)

ISR, < 20(4)|18K p3 ywicos®(05)GTG + pF,owh (Ry1 + Rjpa) " (Rjp + Ryp)|f3
T 4K p2,,GTG 4+ 2VEp? ,GT Ry + Rjso) + 02 (R + Rjo) T(Ryn + Rypo)13
(37)

When train is at A, the assumptions in Appendix B holds as .va&libstitute[(33) into[(26)
and vanishing the tiny parts, the lower-bound of remairi®g; ,, and ISR, can be expressed
as [34) and(35), which is shown at the top of next pagehas the same definition as Appendix
Bl Similarly, when train is at Bf; .o = 7 —0;.3, pj+2 = pj+s andL = 2. Denoted; . ; asfp, the
corresponding upper-bounds I¥R,. ,, and ISR, can be written ad (36) anf (37), respectively.
Thus, the maximum and minima&lR, can be expressed ds [24) ahd] (25).

To analysis the mean SR, ignore the parts oR7, ,Rj ;> and(R11+R;2)" (Rj11+R;10)
in 24) and [(2b) for sufficiently large<. In addition, becaus®,;,,; and R; ., are Gaussian
distributed, the mean of signal and interference part$ #) éhd [(25) are the same as that in
(@4). Thus, the averag&lR;, can be also expressed as](17).

APPENDIX D

In the ICI reduction method aiming at LOS scenarios, the SIfh@k-th subcarrier can be

immediately expressed as ,
A
SIRk — N|| T(k7k)||2 = (38)
Zi:l,;ﬁk [ A (K, 9|3
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where

, K , 1 .
A (k,i) =4 THAf(kJ) +4/ ﬁAfN(kal)-

Substitute [(B),[(32),[{22) and_(R3) intb_(38), the approxien@wer-bound of remaining ISR at

the (k + m)-th subcarrier can be expressed by

; i1Low? cos HT
o/ R ez tOI QI G 4 LD GIR |3
|| v KP?+2GTG + P?+2GTRJ'+2| E

In LOS scenarios, the Rician K-factor is sufficiently largéus, the random part in denominator

ISRk,m 2

can be vanished ankbRy, ,,, can be simplified as

4 cosd 2
wp, cos*(04) Vw3, 9
36K L+ 5 BT

K ’

wherer;,, is the representative elementRf . ,. By substituting " >_, 1 = ((4) and} > | = =

m=1 m4 —

ISRk,m Z

¢(2) into ISRy =25~ | ISRy, the corresponding minimabR,, can be easily derived as

T2Kw}, cos™(04)¢(4) + Ywh((2)rs

K0 (39)

ISRy, >

Furthermore, let us evaluate the variance of maxintili®, in log scale. Consider the fact

that Rician K-factor is sufficiently large, tHdR, can be linearly approximated by

4 4 9
SIRy, ~10log,, (72“’1? COZ( A)C(4)) +2v21og, (1 + 507 Coif((;j) 0 K)r§+2. (40)

Becauser;, is Gaussian distributed(r7,,) = 1 andVar(r7,,) = 1. Thus, the expectation and
variance of maximun$IR, can be easily derived fromh (B9) arld {40), respectively.

In the ICI reduction method aiming at Rician scenarios, theximum and minimuntIRy
can be expressed ds [24) ahd (25). Vanish the random parenandnator and ignore the parts
of RT,,R ;2 and (Rj;1 + Rji2)"(R;41 + Rjy2), the maximum and minimurSIR, can be

linearly approximated by

dB? (41)

2
2
max (SIRy) ~ 101log,, < v ) 0

72¢(4)w} cos(64) " VK 1n(10) i
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and

1 ) . 10
4¢(4)w} cos*(0p) VK In(10)

Becauser;; andr;,, are Gaussian distributed and independ®&at(r; ,+r;.5) = 2. Thus, the

min (SIRy) ~ 10log,, ( (er + rj+2> dB2. (42)

variance of maximum and minim&lR, can be easily derived fromh_(¥1) ard 142), respectively.
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