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Abstract—The statistical characteristics of the signal-to-
interference plus noise ratio (SINR) are closely related to many
performance metrics of cellular networks. In this paper, the down-
link average rate and SINR distribution are studied for orthogonal
frequency division multiple access (OFDMA )-based cellular net-
works subject to the distance-dependent path loss and shadow
fading (SF). With the analytical approximate mean and moment
generating function (MGF) of the SINR in the logarithmic domain,
the closed-form approximation for the lower and upper bounds of
the average rate is obtained. Then the distribution of the SINR
in the logarithmic domain is proposed to be approximated as the
normal inverse Gaussian (NIG) distribution whose parameters are
computed explicitly through moment matching. Also, the closed-
form expression for the cumulative distribution function (CDF) of
the SINR based on the NIG approximation is derived. Simulation
results not only verify the tightness of the bounds, but also show
that the NIG approximation is up to one order of magnitude more
accurate than the Pearson type IV approximation and at least one
order of magnitude more accurate than the lognormal approxima-
tion when the SF correlation coefficient is small or the standard
deviations of the SF are large or different.

Index Terms—Cumulative distribution function, normal inverse
Gaussian distribution, orthogonal frequency division multiple
access, signal to interference plus noise ratio, statistical charac-
teristics.

I. INTRODUCTION

HE statistical characteristics of the signal to interference
plus noise ratio (SINR) are closely related to many impor-
tant performance metrics of cellular networks, such as the
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average rate and outage probability. In orthogonal frequency
division multiple access (OFDMA)-based cellular networks, as
there is no intra-cell interference, the SINR is the ratio of the
signal to the inter-cell interference plus noise. In emerging cel-
lular networks [1]-[3], base stations (BSs) will be more and
more densely deployed, thus the inter-cell interference will be
more and more intense. Investigation of the statistical charac-
teristics of the SINR is critical for the analysis and optimization
of the network performance.

So far, there have been several approaches proposed to
study the statistical characteristics of the SINR in cellular net-
works. In code division multiple access networks, the approx-
imate SINR distribution is investigated in [4] based on the
Gaussian approximation to the multi-user interference plus
noise. Unfortunately, unlike code division multiple access net-
works, the inter-cell interference in OFDMA-based cellular
networks cannot be simply approximated as a Gaussian ran-
dom variable (RV) since the interference is narrowband and
the number of interferers is finite. This makes it more compli-
cated to investigate the statistical characteristics of the SINR
in OFDMA-based cellular networks. Recently, based on the
assumption [5] that BSs are distributed according to the Poisson
point process, the outage probability, SINR distribution, aver-
age rate and rate distribution have been studied. The outage
probability derived in [6], [7] is closed-form only when there is
no noise or the path loss exponent is 4, and there are no closed-
form expressions for the SINR distribution [8], average rate
[6], [7], [9] and rate distribution [10]. Some researchers have
studied the statistical characteristics of the SINR in planned
cellular networks [11]-[14]. For networks without fading, the
rate distribution and average rate are analyzed in [15] based
on the derived closed-form distance distribution between BSs
and user equipments (UEs). There is no closed-form expres-
sion for the average rate. In [16], as the approximation to the
n-th order original moment of the SINR, the ratio of the n-th
order original moment of the signal to that of the interference
plus noise is analyzed. For networks undergoing the lognor-
mal shadow fading (SF), this ratio is given in closed form
based on the Gauss-Hermite approximation [17], [18] to the
moment generating function (MGF) of the interference plus
noise. Nevertheless, simulation results in [16] showed that this
ratio cannot approximate the moments of the SINR well when
the number of the interferers is small.

One of the main challenges for the statistical modeling of the
SINR is the statistical modeling of the inter-cell interference.
For networks undergoing the lognormal SF, the inter-cell inter-
ference is the sum of several lognormal RVs. The modeling of
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the lognormal sum is a long-standing problem and exact closed-
form expressions for the lognormal sum distribution remain
unknown. So far, several approximation approaches have been
proposed to study the statistical characteristics of the lognormal
sum, including lognormal approximations [19]-[21], Pearson
type IV approximations [22]-[25], MGF-based approximations
[17], [26], [27] and other approximation methods [28], [29].
However, none of these methods satisfies the following two
properties simultaneously: 1) accurate in the whole region of
the cumulative distribution function (CDF); and 2) parame-
ters of the approximate distribution can be computed explicitly.
For cellular networks, it is desirable to obtain the closed-form
expressions for the average rate and statistical characteristics of
the SINR for general cases, and there is no accurate approx-
imate SINR distribution whose parameters can be presented
analytically.

In the field of finance, the normal inverse Gaussian
(NIG) distribution has been used in [30] to approximate the dis-
tribution of a stochastic process. Fortunately, the parameters of
the NIG distribution can be explicitly expressed in terms of the
mean, variance, skewness, and kurtosis. In this paper, the lower
and upper bounds of the downlink average rate and distribution
of the downlink SINR are studied for OFDMA-based cellular
networks considering the distance-dependent path loss and SF.
The closed-form approximation for the lower and upper bounds
of the average rate is obtained from the statistical characteristics
of the SINR in the logarithmic domain, and the NIG distribution
is proposed to approximate the distribution of the SINR in the
logarithmic domain. To the best of our knowledge, no published
literature presents a closed-form bound of the average rate
or considers the NIG approximation to the distribution of the
SINR. First, the analytical approximate mean and MGF of the
SINR in the logarithmic domain are given. Further, the lower
bound of the average rate is presented through the mean of the
SINR in the logarithmic domain. The average rate is proved
to be upper bounded by the certain value of the MGF of the
SINR in the logarithmic domain. With the analytical approx-
imate mean and MGF, the closed-form approximation for the
lower and upper bounds of the average rate can be obtained.
Then the NIG approximation to the distribution of the SINR
in the logarithmic domain is elaborated. Using the moment
matching method, the parameters of the NIG approximation are
computed explicitly through the closed-form approximation for
the mean, variance, skewness and kurtosis of the SINR in the
logarithmic domain. The closed-form expression for the CDF
of the SINR based on the NIG approximation is also given in
terms of exponential functions and error functions. Finally, sim-
ulation results verify that the closed-form approximation for the
lower and upper bounds of the average rate is tight. In addi-
tion, it is shown that the NIG approximation outperforms the
lognormal approximation and Pearson type IV approximation
especially when the SF correlation coefficient is small or the
standard deviations of the SF are large or different. Also, it is
verified that the CDF of the SINR based on the NIG approxi-
mation can always get the satisfactory performance. The main
contributions of this paper are as follows.

1) The closed-form approximation for the lower and upper

bounds of the average rate is presented. The lower bound
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Fig. 1. Two-dimensional OFDMA-based cellular network model.

is dependent on the approximate mean of the SINR in the
logarithmic domain, and the upper bound is determined
by the certain value of the approximate MGF of the SINR
in the logarithmic domain.

2) The distribution of the SINR in the logarithmic domain
is proposed to be approximated as the NIG distribu-
tion whose parameters are computed explicitly. Also, the
closed-form expression for the CDF of the SINR based on
the NIG approximation is given in terms of exponential
functions and error functions.

The rest of this paper is organized as follows. Section II gives
the system model and problem formulation. In Section III, the
closed-form approximation for the lower and upper bounds of
the average rate is obtained. Section IV elaborates the NIG
approximation to the distribution of the SINR in the logarithmic
domain and presents the closed-form expression for the CDF
of the SINR based on the NIG approximation. In Section V,
numerical experiments are conducted to verify the analysis in
this paper. Finally, the paper is concluded in Section VI.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In Fig. 1, the two-dimensional layout of an OFDMA-based
cellular network is depicted, where the polar coordinate system
is used to describe node locations. Without loss of generality,
the serving cell and its first-tier interfering cells are shown. The
coverage of each cell is considered as a circle with the radius
D, and the inter-site distance (ISD) is V/3D. The BS BSy of the
serving cell locates at the origin, and its connected UE locates
at (r, ). The location of BS; (i.e., the BS of the i-th interfering
cell) is denoted as (r;,6;),i =1, ..., L. Each BS is equipped
with an omnidirectional antenna. The UE in the serving cell
receives the useful signal from BSy and suffers the downlink
inter-cell interference from the L interfering cells. The cor-
responding useful link is denoted as the bold solid line, and
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the corresponding interfering links are represented as the bold
dashed lines.

For the UE located at (7, 0), the distance between the UE and
BS;(i=0,...,L)is

r, i =0,
= \/rz—l-rl.z —2rricos (@ —6;), i=1,...,L. M
The signal power received from BS; can be given by
Y; = P,GpAd " exp (£X;) = 100 +XD/0, 2)

where £ =1n10 /10, si; = 101g (PthAdi_">, P, and G, are
the transmit power and antenna gain of each BS, respectively,
n is the path loss exponent, A is the path loss constant, and X;
is the SF of the corresponding communication link. Generally,
X; is considered as a zero-mean Gaussian RV whose standard
deviation is 0;dB. From (2), it can be seen that Y; is a lognormal
RV which can be denoted as LN (& u;, £0;). The distribution of
Y; is defined as

le‘ (yl) =

_(ny — &)’
2 (£01)” i| ¥

1
V27 (€0y) yi o [

The total downlink inter-cell interference power received by
the UE can be obtained from

L L
Y, = Z Y, = Z 10w +X/10 “4)
i=1 i=1

This means that Y; is the sum of several lognormal RVs. The
background noise [26] at the UE is

Np =hT B,

where / is the Boltzmann constant, 7' is the ambient tempera-
ture in Kelvin, B is the channel bandwidth, and ¢ is the noise
figure of the UE.

Denoting the SINR for the UE as the RV Y

Yo 10(ro+X0)/10
Y = =
Y+ Np

- , (5)
3 10w +X0/10 4 Ny
i=1

the SINR in the logarithmic domain for the UE can be given by
Z=InY=mmYy—InY;+ Np) =21 — Z>, (6)
where

Z1 =InYy = &uo + £ Xo, (7a)

L
Zy=In(Y;+Np) =1In [Z 10w +XD/10 4 ij| . (7b)

i=1

Z, is a Gaussian RV with the mean & i and variance (£09)>.

When the SF RVs X; (i =0, ..., L) are independent from
each other, the MGF and n-th order cumulant of Z are given in
Lemma 1.
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Lemma 1: When X; is independent from each other, the
MGEF of Z can be expressed as

1
Mz (s) = exp [— (Eno)s + 5 (£00)? sz} Mz, (=s), (7)

where Mz, (s) = E [e™°%2] is the MGF of Z. The n-th order
cumulant of Z can be obtained from

¢y =t&puo—cy), (9a)

¢ = (§00)> + ¢, (9b)

¢ ==D"cy) n>2, (9¢)

where C(an) is the n-th order cumulant of Z5.
Proof: The MGF of Z; is
_ 1
Mz, () = E[e™ % | = exp [— Eno)s + 5 (SGo)zsz} .

(10)

As Z1 and Z; are independent from each other, the MGF of Z
can be expressed as

Mz (s)=E [e—s@u—zw]

- s

=le (S) MZz (_S) (11)

Substituting (10) into (11), (8) can be obtained. According to
[31], the n-th order cumulant of Z can be given by

) =Y+ (=1 (12)
For Z;, there are only two non-zero cumulants, i.e., the mean
& o and variance (éoo)z. This yields (9). |

As the first cumulant is equal to the mean for an RV, (9a) can

be rewritten as
1 1
my) =&uo—my), (13)
where m(Zl) and m(Zl) are the mean of Z and Z,, respectively.
When the SF RVs are correlated, X; can be expressed as [32]

Xi = 0iy/1 — EWi + 013/ So,

where ¢ is the correlation coefficient, W; and Sy are indepen-
dent Gaussian variables with zero mean and unit variance. For
different BSs, W; is independent from each other, while Sy
keeps the same. The first and second part of the right hand
side of (14) can be considered as the independent and cor-
related component of X;, respectively. In interference-limited
networks, when the SF RVs are correlated and the standard
deviations of the SF of interfering links are the same, the MGF
and n-th order cumulant of Z are given in Lemma 2.

Lemma 2: In interference-limited networks, when the SF
RVs are correlated and X;(i =1, ..., L) have the same stan-
dard deviation o7dB, the MGF of Z can be expressed as

(14)

_ loaf o 2
Mz (s) = exp nslnr—i—zés 0y —2¢opo; +¢o;

Mz (=), (1)
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where
L
=1In |:2:a'i'7 exp (EUI\/l —{Wi>:| , (16)
i=1

and M z, (s) is the MGF of Zé. The n-th order cumulant of Z
can be obtained from

¢y = —ninr —cl), (17a)
¢ = (of — 260001 +¢ot) +¢5), (ATb)
W = =1y <Z"), > 2, (17¢)
where c(Zn,) is the n-th order cumulant of Zé.
2

Proof: For interference-limited networks, the background
noise N, can be neglected, thus the SINR in the logarithmic
domain can be expressed as

L
Z=&pp+&Xo—In [Z 10(“i+xi)/10:|

i=l1
L
=—nlnr +&Xo—In (Z dinlox"/lo) . (18)
i=1

When o; (i =1, ..., L) have the same value oy, according to
(14), (18) can be rewritten as

Z=—-nlnr+E& ((70\/1 —§W()+U()\/ZSO)

i di—rllo(almwi+01x/zso)/10:|
Li=1
= —nlnr +&ooy/1 — ¢ Wo + £/Z (00 — 07) So
—In id;"lo"fﬂm/lo}

Li=1

_ Zé,

—In

=7 (19)

where

Z} = —nnr +§o0y/T — ¢ Wo + £/ (00 — 1) So.

It can be seen that Z| is a Gaussian RV with the mean —nInr
and variance &2 (0§ — 2{0007 + {0}). The MGF of Z is

(20)

MZ; (s) =exp [ns Inr + §§2s2 (002 — 2C¢ogor + {O’[2>i| .
2D

Furthermore, Z| is independent from ZJ. Thus the MGF and
n-th order cumulant of Z can be expressed as (15) and (17),
respectively. |

When o and o; have the same value o, the correlated com-
ponent in Z can be eliminated. In this case, when the standard
deviation o of X; (i =0, ..., L) is fixed and the SF correlation
coefficient ¢ increases, the standard deviation o /1 — ¢ of the
independent component W; decreases. This means the increase
of the SF correlation coefficient is equivalent to the decrease
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of the standard deviation of the SF RVs. Thus the impact of
the SF correlation coefficient on the SINR is opposite to that of
the standard deviation of the SF when all the communication
links have the same standard deviation of the SF. (17a) can be
rewritten as

(1)

—nlnr —m Z/,

(€]

where m,, is the mean of Z,.
2

III. LOWER AND UPPER BOUNDS OF AVERAGE RATE

In this section, the approximate mean and MGF of the SINR
in the logarithmic domain Z are given and utilized to obtain the
lower and upper bounds of the average rate. The computation
of the exact mean and MGF of Z involves the multi-fold inte-
gration. In order to derive the bounds of the average rate, the
Gauss-Hermite Quadrature [17], [23] is exploited to obtain the
approximate expression for the multi-fold integration.

A. Approximate Mean and MGF of SINR in Logarithmic
Domain

When the SF RVs X; (i =0, ..., L) are independent from
each other, the approximate mean and MGF of Z are given in
Theorem 1.

Theorem 1: When X; (i =0, ..., L) are independent from
each other, the approximate mean and MGF of Z can be

respectively expressed as
>3 (o
np= 1

~ (1
ny= 1

-In [Z kn; (@ i, 07) + Nb:| ,

i=1

-2 § 3 1)

o[

1
— (suo)} s+ 5 (£00)* sﬂ ,

L N

(23a)

al’ll i, Gi) + Nb:|
(23b)

where w,; and a,, are the corresponding weights and abscissas,
N; (i =1,..., L) is the order of the Hermite integration, and

Kn; (an[; Wi, al-) = 10(f6’a"’ +u’)/10 The weights and abscis-
sas are constants that can be found in [18] for N up to 20.

Proof: From [23], the approximate MGF of the total
downlink inter-cell interference Y; in the logarithmic domain
can be obtained. With a slight modification to take the back-
ground noise into consideration, the approximate MGF of the
interference plus noise in the logarithmic domain Z; can be
expressed as
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L N

Mzz(S)=< ) (Hw)
ni= 1 np= 1

L )
: [Z ki, (an;s i, 07) + Nb} )

i=1

Based on (24), the approximate mean of Z, can be obtained

from

9 L M
a0 _ _ dMz, (s) .
Mz, = ds Z Z 1_[ @n;
s=0 ni=l1 nr=1
L
-1In |:Z kn; (an;s i o7) + Nb] . (25)

i=1

Replacing 0(212) and Mz, (s) in Lemma 1 with rh(zlz) and M 7, (),

respectively, (23) can be obtained. ]

In interference-limited networks, when the SF RVs are cor-
related and the standard deviations of the SF of interfering links
are the same, the approximate mean and MGF of Z are given in
Theorem 2.

Theorem 2: In interference-limited networks, when X; (i =
0,..., L) are correlated and X;(i =1, ..., L) have the same
standard deviation o;dB, the approximate mean and MGF of Z

can be respectively expressed as
>3 (o

—nlnr—( )
ni=1 np=

L
In [an, (an,.; —10plgd;, opy/T — g)] . (26a)

) L N
MZ(S)=< )

>3 (o)
loo( o 2
- exp zé S <GO —2;“00014—{01) +nsinr

L N

A
m,’ =

ni=1

L
+ sln [ani (an,-; —10n1gd;, Ulm):“ .
= (26b)

Proof: From (16), Z} is the sum of several independent
lognormal RVs. For the i (i = 1,..., L)-th component log-
normal RV, the logarithmic mean and standard deviation are
—nlnd; and £o74/1 — 1, respectively. According to [23], the

approximate MGF of Z} can be expressed as
0= (J2) 33 (o)
ni=1 np=1

L —S
.[ZKW (an,.; —10n1gd;, o74/1 —;)] . @7
i=1

L N

Thus the approximate mean of Z} can be given by

3= (=) 2 3 (1)

ni=l1 np=
‘In [Z Kn, (anl.; —10n1gd;, o7y/1— ;)} .28
i=1

Replacing C(Z]/) and Mzé (s) in Lemma 2 with nAa%) and A;lzé (s),

respectively, (26) can be obtained. |

B. Lower and Upper Bounds

Since the channel bandwidth is a constant in this paper,
investigating the average rate is equivalent to studying
+00
R=E[in(1+¢7)] =/

In(1+4¢€%) fz (x)dz, (29

where f7 (z) is the distribution of Z.

The approximate lower bound of the average rate is given in
Theorem 3.

Theorem 3: The approximate lower bound of R can be

expressed as
R, =In [1 + exp < (D)] .

Proof: Let p (z)
of p(z) is

(30)

= 1In (1 + ¢%). As the second derivative

—Z

P’ (@) = > 0, €29

(1+e)’
p (2) is strictly convex. By the Jensen’s inequality [33], the
lower bound of R can be obtained from

+00
R>R;,=In |:1+exp (/ 2fz (z)dz)] (32)

—00

Replacing the mean of Z with m(Zl) (30) can be obtained. W
Note that R is only determined by the approximate mean of
Z. When m(Z) is large, Ry, canbe approximated as

R =y (33)

The approximate upper bound of the average rate is given in
Theorem 4.

Theorem 4: The approximate upper bound of R can be
expressed as

Ry=9/8Mz(-1/3). (34)

Proof: The proof can be found in Appendix A. |

IV. NIG APPROXIMATION TO DISTRIBUTION OF SINR IN
LOGARITHMIC DOMAIN

In this section, a brief description of the NIG distribution
is given, and the distribution of the SINR in the logarith-
mic domain Z is approximated as the NIG distribution whose
parameters are expressed in terms of the approximate mean,
variance, skewness and kurtosis of Z. The expression for the
CDF of the SINR based on the NIG approximation is also
presented.
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A. NIG Distribution

In the field of finance, the NIG approximation is introduced
in [30], [34] where the four parameters of the NIG distribu-
tion are computed explicitly through the first four cumulants
(mean, variance, skewness and kurtosis) of the target RV. In
[34], numerical results show the NIG approximation performs
better than the Gram-Charlier expansion [35] and Edgeworth
expansion [36]. The expression for the NIG distribution [30],
[34] is given by

f@)=— eXp (5\/012 - B2 - ﬂu)
K, (a,/(SZ +(z - u)2)
V82 + (z — w)?

where K () represents the modified Bessel function of the sec-
ond kind with index 1, @, B, u and § are the tail heaviness
parameter, asymmetry parameter, location parameter and scale
parameter, respectively.

exp (Bz) ,

B. Computation of NIG Parameters

The approximate first four cumulants of the SINR in the
logarithmic domain Z are given in Theorem 5.

Theorem 5: When the SF RVs X; (i =0, ..., L) are inde-
pendent from each other, the approximate first four cumulants
of Z can be expressed as

A(1) ~ (1)

Cy :EMO_mZZ (35a)
&Y = (Eoo)? +my) — <m<212>) , (35b)
&= |:m(232) 3nliny) +2 () ] . (350
5(4) ,ﬂ(%) 4,;1(;2) ~ (1) 3( (2)>
~2) [~ (1) ~ (1)
+ 123 (mzz> —6<m22) : (35d)
respectively, where
m g
~(n
2= (%) L+ X (o)
- n
: {m [an, (an;: i 01) + Nb“ . (6
i=1
In interference-limited networks, when X; (i =0, ..., L) are

correlated and X; (i = 1, ..., L) have the same standard devi-
ation o7dB, the approximate first four cumulants of Z can be
given by

—nlnr — Z,,

2
6(22) =¢g2 (002 — 2¢op01 + §<712) +”A1(zzf) - ("A’(ZID > (37b)

~(3) ~(3) ~(2) A(l) ~ (1)
=—|m® —3m? 2 ( ) , 37
c, [m22 z, + ] (37c¢)
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E?) A(4) _4n®n0 _

Z/ Z/

4
(2) ~ (1) ~ (1)
12 () o)’

respectively, where
>y

~(n) _
Mz, = ( ) (H‘“"z>
ni=l1 np=1

. {ln |:ZK,,I. (a,,[; —10n1gd;, alm)} }n .
i=1

(38)

(37d)

L M

Proof: When X; (i = 0,...,L) are independent from
each other, with the MGF Mz, (s) of Z; in Theorem 1, the n-th
order original moment of Z, can be presented as

d"Mgz, (s)
dsn
L N

'\(”) _( l)n
2.2

() X2 (1)

. {ln [Z kn; (an;s iy 07) + Nb:” L))

i=1

|s=0

Based on the relationship [31] between original moments and
cumulants, the approximate first four cumulants of Z, can be
computed through (39). With Lemma 1, the approximate first
four cumulants of Z can be obtained.

In interference-limited networks, when X; (i =0,..., L)
are correlated and X; (i =1, ..., L) have the same standard
deviation o;dB, with the MGF A;Izé (s) of Z) in Theorem 2,

the n-th order original moment of Z} can be obtained from

~ (n) N d"Mz, () |
Zé _( ) dS" s=0
(7) 23 (11e)
= —_— a)n[
ﬁ ni=l1 nr=1 \i=1

L n
: {ln [Zlcni (an,-; —10nlgd;, o1y1 — 5)“ -
i=1

(40)

The approximate first four cumulants of Z} can be com-
puted through (40). With Lemma 2, the approximate first four
cumulants of Z can be obtained. |

The approximate mean, variance, skewness and kurtosis of Z
can be expressed as

A(4)

o NGO AQ2) A Cy s~ Cg
m=¢c, , v CZ,S——3/2,k— 5, (4D
(5(2)) (6(2))
z z

respectively. According to [30], the four estimated parameters
of the NIG distribution can be obtained from
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&=3p" (p— 11512 |§|71’ (422)
B=3(p—1" 191251, (42b)
L= —3p B2 (42¢)
§=3p"" (o =D 57", (42d)

where p = 3k§™2 — 4. To guarantee the feasibility of the NIG
approximation, the following restriction condition [34] should
be satisfied

p > 1.

Simulation results in Section V verify that this condition is sat-
isfied in cellular networks with the system parameters defined
in [11], although the rigorous mathematical proof remains an
open problem and deserves a further investigation.

With the approximate distribution of Z, the approximate dis-
tribution of the SINR ¥ = ¢Z and rate V = In (l + eZ) can be

expressed as
CK, <&,/§2 + (Iny — ;1)2)
¥4/ 82 + (lny — /l)z

CK, (&\/82 +[In(exp () — 1) — ;1]2)

fr )= exp (Ainy). @3)

fr ) = - -
[exp (v) — 1]\/52 + [In (exp (v) — 1) — /i]

- exp [,é In(exp(v) — 1) + v] , (44)

respectively, where

&8 . .
C= a—exp (6\/&2 - B2 —,3/1) )

T

(45)

C. CDF of SINR Based on NIG Approximation

As P(Y <y)=P(Z=InY <Iny = z), the CDF of the
SINR can be derived in the logarithmic domain.

Lemma 3: The CDF of the SINR based on the NIG approxi-
mation can be expressed as

oo t—j—pBx

Jx

where ® (-) is the CDF of the standard normal distribution.

Proof: According to [30], [34], if Z follows the NIG dis-
tribution with the parameters &, B, i and §, there exists a RV X
that has the inverse Gaussian distribution [37] with the parame-

ters § and y = /&2 — B2, and Z conditioned on X is normally
distributed with the mean [ + ﬁX and variance X. Thus the
approximate distribution of Z based on the NIG distribution
can be rewritten as

F@) = fx (x) @ ( ) dx, (46)

+00

fz(@) = fx (%) fzx (2] x)dx, (47)

where

853

S . 32 2
fx (x) = x 32 exp (8)/ -y y—x) , x>0,
T 2
(48a)
N2
! R ﬂx) 48b
fzix (z]x) = mexp - o (48b)
The CDF of Z can be given by
R t “+00
Foo= [ [ rax Gl fx wdxd:
—o00 JO
+00 t
= [ e [ raxindzx
0 —0o0
+oo t—p— Bx
= fx(x) | ——— | dx. (49)
0 ( v )
[ |

In the remaining part of this subsection, the approximation of
the complementary error function erfc (x) is presented to obtain
the closed-form expression for (46).

The complementary error function erfc (x) can be approxi-
mated as [38]

M 2
Zakefbkx , x>0,
erfc (x) ~ | *=! N (50)
2—Zake_b"xz, x <0,
k=1

where by = kb, a; and b are the coefficients of the approx-
imation, and M is the order of the approximation. For M =
6,7, 8,9, the coefficients are shown in Table I where both the
root mean square error (RMSE) and adjusted R-square [39] are
used to evaluate the performance of the approximation. It can be
seen that when M is no less than 8, the approximation can get
the satisfactory performance. Substituting (50) into the identity

Ox) =1 1erfc<x>
x)=1—— — ),
2 V2

the approximation of @ (x) can be written as

1 4 b
I—EI;akexp<—7kx2>, x>0,
e~y s1)
1
3 ay exp (——x2>, x <0

Simulation results in Section V verify that the SINR in the log-
arithmic domain Z is negatively skewed in cellular networks
with the system parameters defined in [11], the corresponding
mathematical proof, however, requires a further study. When
the skewness of Z is negative, B is less than 0. In this case, the
closed-form approximation for F (1) is given in Theorem 6.
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TABLE I

APPROXIMATION OF erfc (x)

Order [ax].k=1,.... M b RMSE Adjust R-square
6 [0.9188, —0.6471, —3.895, 17.38, —23.01, 10.22] 1.51 9.93 x 1074 0.9997
7 [1.56, —10.46,57.21, —163.3,249.1, —191.7, 58.55] 1.636  7.06 x 10~# 0.9998
8 [1.109, —2.958, —1.231, 67.68, —249.8, 405.8, —313.9, 94.25] 1524  6.64 x 1074 0.9999
9 [1.706, —18.29, 163.8, —816.1, 2384, —4174, 4303, —2406, 562.5] 1614 512 x 10™* 0.9999
TABLE 11

Theorem 6: F (t) can be approximated as

/\
S
=
=
Q
|
LS
=
>
~
~
>

1>,
) L
Py = 5 [1+erf (V2)] = 5 exp <26y> erfe (V)

M
14 o ay A
+ 58 exp (87/) kz_l A_k exp (q,B bk>

- [exp (Ax By) erfe (Cy)

— exp (—AgBy) erf (Dy)] t < f1
where
q= dal’y (52a)
p
Ap = \/3 q2B%b, Bx = \/)/ 24 B2y, (52b)
v, = L+yf, :——y L (520
V29 2 \/— 2

C = ji B % f — B %. (52d)
Proof: The proof can be found in Appendix B. |

V. NUMERICAL RESULTS

In this section, the performance of the lower and upper
bounds of the average rate, restriction condition of the NIG
approximation, skewness of the SINR in the logarithmic
domain and performance of the NIG approximation are investi-
gated for cellular networks whose system parameters [11] are
given in Table II. Numerical computations and Monte Carlo
simulations are performed to verify the derivation and show
the impacts of the UE location, ISD, path loss exponent, SF
correlation coefficient and standard deviation of the SF.

A. Lower and Upper Bounds of Average Rate

In this subsection, the performance of the lower and upper
bounds of the average rate is investigated for UE1, UE2 and
UE3. The ISD is 1732m, and the Monte Carlo simulation with
5000000 trials is conducted for comparison. The results versus
the standard deviation of the SF are depicted in Fig. 2(a). The
SFRVs X; (i =0,..., L) are independent and have the same
standard deviation, and the path loss exponent is 3.76. It can
be seen that the lower bound almost coincides with the Monte

SETTING OF SYSTEM PARAMETERS

System parameter

Parameter value

ISD

100m, 500m, 1732m or 2000m

Number of interfering cells 6
Path loss constant 15.3dB
Transmit power of BS 46dBm
BS antenna gain after cable loss 14dBi
Minimum distance between the UE and BS 35m
Path loss exponent 2~4
UE noise figure 9dB
Ambient temperature 300K
Standard deviation of the SF 4~10dB
SF correlation coefficient 0.1~0.8
Order of the approximation of erfc (x) 8
UEL: (4/5D,z /5
UE locations UE2: (1/2 D,z /5
UE3: (1 /5 D, n /5

Carlo simulation for the UEs near to the BS. And the perfor-
mance of the approximate mean of the SINR in the logarithmic
domain Z is similar to that of the lower bound for these UEs.
For the UEs at the cell edge and in the middle of the cell, both
the lower and upper bound are quite tight.

Fig. 2(b) depicts the performance of the lower and upper
bounds versus the path loss exponent. X; (i =0,...,L) are
independent and the standard deviations of them are 8dB. For
the UEs near to the BS, the lower bound almost coincides with
the Monte Carlo simulation, and the performance of the approx-
imate mean of Z is similar to that of the lower bound. Both the
lower and upper bound are quite tight for the UEs at the cell
edge and in the middle of the cell. With the system parame-
ters in Table II, cellular networks are interference-limited, thus
the background noise can be ignored compared to the inter-cell
interference. As the distance d; (i = 1, ..., L) between the UE
and BS of the i-th interfering cell is larger than the distance r
between the UE and BS of the serving cell, the total inter-cell
interference decreases more quickly than the useful signal when
the path loss exponent increases. Thus the SINR increases with
path loss exponent, makes the average rate also increase with
path loss exponent, as shown in Fig. 2(b).

The performance of the lower and upper bounds versus the
SF correlation coefficient is shown in Fig. 2(c). The standard
deviations of the SF RVs are 8dB and the path loss exponent
is 3.76. It can be found that the lower bound almost coincides
with the Monte Carlo simulation for the UEs near to the BS.
And the performance of the approximate mean of Z is similar
to that of the lower bound for these UEs. The bounds are quite
tight for the UEs at the cell edge and in the middle of the cell.
As is indicated in Lemma 2, when the standard deviation of X
is the same as that of X;(i = 1, ..., L), the impact of the SF cor-
relation coefficient on the average rate and its lower and upper
bounds is opposite to that of the standard deviation of the SF.
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Fig. 2. Lower and upper bounds of the average rate. Solid lines without marks denote the Monte simulation. Solid lines marked with diamonds and circles
represent the lower and upper bound, respectively. Dashed lines stand for the approximate mean of the SINR in the logarithmic domain.
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B. Restriction Condition of NIG Approximation

The restriction condition p > 1 of the NIG approximation is
verified in this subsection. The calculations of p are conducted
for 10000 UEs uniformly distributed within the serving cell,
and the minimum of them p,;, is shown in Fig. 3(a), Fig. 3(b),
and Fig. 3(c) in terms of the standard deviation of the SF, path
loss exponent and SF correlation coefficient, respectively. In
Fig. 3(a), the SF RVs are independent and have the same stan-
dard deviation, and the path loss exponent is 3.76. It can be seen
that p,,i, is larger than 1 for different ISDs, and p,,;,, changes
little with ISD. In Fig. 3(b), the SF RVs are independent and
the standard deviations of them are 8dB. It is shown that the
restriction condition of the NIG distribution is satisfied for dif-
ferent ISDs, and the ISD also has little impact on p,,;,. The
standard deviations of the SF RVs are 8dB and the path loss
exponent is 3.76 in Fig. 3(c). It can be observed that p,,;, is

28 3 32
Path loss exponent

34 36 38 4 0.1 02 03 06 07 08

04 05
SF Correlation coefficient

versus the SF correlation coeffi-

more than 1 for different ISDs, and p,,i,, does not change much
with ISD. Therefore, the distribution of the SINR in the loga-
rithmic domain for any UE in the serving cell is allowable to
be approximated as the NIG distribution, and the ISD has little
impact on pyin-

C. Skewness of SINR in Logarithmic Domain

In this subsection, it is verified that the skewness of the SINR
in the logarithmic domain Z is negative in cellular networks.
The computations of the approximate third cumulant 6(232) of
the interference plus noise in the logarithmic domain Z; are
conducted for 10000 UEs uniformly distributed in the serv-

ing cell, and the minimum of them 6(232)

Fig. 4(a), Fig. 4(b) and Fig. 4(c) versus the ?tle{lndard deviation
of the SF, path loss exponent and SF correlation coefficient,

is depicted in
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Fig. 5. CDFs of the Monte Carlo simulation, lognormal approximation and NIG approximation for cases I~III. The data in the horizontal axis denote the values

of Z.

respectively. In Fig. 4(a), the SF RVs are independent and
have the same standard deviation, and the path loss exponent

is 3.76. It can be found that (6(232)) ~ is positive for different
min

ISDs. Moreover, (6(232)

of the SF. Considering the fact that the third cumulant of the
Gaussian RV is zero, the distribution of Z, deviates more from
the Gaussian distribution with the increase of standard devia-
tion of the SF. Therefore it is not feasible to assume Z to be a
Gaussian RV when the standard deviations of the SF are large.

In Fig. 4(b),the SF RVs are independent and the standard devia-

6(232) ~ islarger
min

than zero for different ISDs. The standard deviations of the SF

RVs are 8dB and the path loss exponent is 3.76 in Fig. 4(c). It
is shown that (3(232)> ~is more than zero for different ISDs.
min

Moreover, (6(232)) _ decrease with SF correlation coefficient.
min

increases with standard deviation

tions of them are 8dB. It can be observed that (

Thus Z is more likely to be a Gaussian RV when the SF corre-
lation coefficient is large. In summary, the third cuamulant of Z,
is positive for any UE in the cell range. As the third cumulant
of Z is the opposite of that of Z,, the skewness of Z is negative.

D. Performance of NIG Approximation

The performances of the lognormal approximation, Pearson
type IV approximation [23] and NIG approximation are com-
pared in this subsection. The ISD is 1732m, and the Monte
Carlo simulation with 5000000 trials is conducted for com-
parison. The start point of computing the parameters of the
MGF-based lognormal approximation [17], [26] to the inter-
cell interference plus noise is specified by the Wilkinson’s
method [40]. The RMSE performances of the CDF F (t) of the
SINR based on the NIG approximation and approximate CDF
F (¢) derived in this paper are also presented. When the SF RV's
are independent, the following seven cases are examined.

e Casel,n=2,00 =01 =... =0 = 8dB.

e Casell,n=3,00 =01 =... =07 = 8dB.

e Caselll, n =4,00 =01 =... =01 = 8dB.

e CaseIV,00 =01 =... =0 =4dB, n = 3.76.

e Case V00 =01 =... =0 = 8dB, n = 3.76.

e Case VI,og =01 = ... =01 = 12dB, n = 3.76.

e Case VII, o9 =01 =8dB, 0y, =4dB, 03 = 6dB, 04 =

7dB and o5 = 06 = 10dB, 5 = 3.76.

Cases I~III take the variation of the path loss exponent
into account, while cases IV~VII consider the variation of the
standard deviation of the SF.

The results for cases I~III are shown in Fig. 5. The log-
normal approximation does not work well for different UE
locations, while the Pearson type IV approximation and NIG
approximation can always get the satisfactory performance.
Fig. 6 depicts the results for cases IV~VII. The Pearson type
IV approximation and NIG approximation can always get the
satisfactory performance. The performance of the lognormal
approximation is similar to that of the Pearson type IV approx-
imation and NIG approximation when the standard deviations
of the SF are small. When the standard deviations of the SF
are large, the lognormal approximation significantly deviates
from the Monte Carlo simulation. This is in accordance with the
results in Fig. 4(a). The performance of the lognormal approxi-
mation is also poor when the standard deviations of the SF are
different.

To illustrate the impact of the SF correlation coefficient, the
following two cases are investigated:

e Case VIII, op =01 =...=06=28dB,n=23.76,¢ =
0.2.
e CaseIX,00 =01 =... =06 =8dB,n =3.76,¢ = 0.6.

The results are depicted in Fig. 7. The Pearson type IV approx-
imation and NIG approximation can get the better performance
than the lognormal approximation when the SF correlation
coefficient is small. When the SF correlation coefficient is large,
the performance of the lognormal approximation becomes
better. This is in accordance with the results in Fig. 4(c).

The Kullback—Leibler divergence [41] of the lognormal
approximation, Pearson type IV approximation and NIG
approximation from the Monte Carlo simulation for UE1, UE2
and UES3 is presented in Table III, IV and V, respectively. The
performance of the lognormal approximation is sensitive to the
standard deviation of the SF, while the performances of the
Pearson type IV approximation and NIG approximation are
robust to the UE location, path loss exponent, SF correlation
coefficient and standard deviation of the SF. The superiority
of the NIG approximation over the Pearson type IV approx-
imation can be found from the Kullback—Leibler divergence
performance. The NIG approximation is more accurate than
the Pearson type IV approximation, and the performance of
the NIG approximation is more robust to the UE location,
path loss exponent, SF correlation coefficient and standard
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Fig. 6. CDFs of the Monte Carlo simulation, lognormal approximation and NIG approximation for cases IV~VII. The data in the horizontal axis represent the

values of Z.
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deviation of the SF. When the SF correlation coefficient is
small or the standard deviations of the SF are large or differ-
ent, the NIG approximation is up to one order of magnitude
more accurate than the Pearson type IV approximation and at
least one order of magnitude more accurate than the lognormal
approximation.

Table VI and VII present the RMSE between F (t) which is
computed through numerical integration and the Monte Carlo

simulation and RMSE between F (r) and the Monte Carlo
simulation, respectively. Numerical results show that the perfor-
mance of F (¢) is robust to the UE location, path loss exponent,
SF correlation coefficient and standard deviation of the SF. If
the approximation is considered to be accurate when the RMSE
is in the order of 0.001, the CDF of the SINR can be well
approximated as (52) that is more tractable than the numerical
computation and Monte Carlo simulation.
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APPROXIMATION, PEARSON TYPE IV APPROXIMATION AND NIG

TABLE III
KULLBACK-LEIBLER DIVERGENCE OF THE LOGNORMAL

APPROXIMATION FOR UE1

Cases Lognormal Pearson type IV NIG
case [ 2.90 x 1072 9.71 x 10~% 2.03 x 1074
case I 3.56 x 1072 1.45 x 1073 1.86 x 1074
case I 3.72 x 1072 221 x 1073 2.08 x 107
case IV 4.45x 1073 1.76 x 1073 1.76 x 10~
case V. 3.70 x 1072 1.99 x 1073 2.05 x 107
case VI 8.65 x 1072 1.68 x 1073 1.80 x 10~
case VI 5.36 x 1072 3.97 x 1073 1.87 x 1074
case VI  2.69 x 1072 1.95 x 1073 1.67 x 107
case IX  9.32x 1073 1.90 x 1073 1.81 x 107%
TABLE IV

KULLBACK-LEIBLER DIVERGENCE OF THE LOGNORMAL

APPROXIMATION, PEARSON TYPE IV APPROXIMATION AND NIG

APPROXIMATION FOR UE2

Cases Lognormal Pearson type IV NIG
case 1 2.13 x 1072 7.25 x 1074 2.00 x 1074
case I 2.51 x 1072 8.38 x 10~4 1.78 x 107
case I  3.01 x 10—2 1.12 x 1073 191 x 107
case IV 1.60 x 1073 5.72 x 10~* 172 x 107%
case V. 2.85x 1072 1.03 x 1073 1.93 x 107
case VI 8.60 x 1072 1.14 x 1073 1.69 x 107
case VI  1.05 x 107! 3.50 x 1073 234 x 107
case VI  1.85 x 1072 9.70 x 10~* 2.05 x 107
case IX  4.04 x 1073 7.16 x 10~* 1.80 x 10~
TABLE V

KULLBACK-LEIBLER DIVERGENCE OF THE LOGNORMAL

APPROXIMATION, PEARSON TYPE IV APPROXIMATION AND NIG

APPROXIMATION FOR UE3

Cases Lognormal Pearson type IV NIG
case 1 1.80 x 102 6.28 x 1074 1.89 x 10~
case II  1.86 x 1072 6.14 x 10~* 1.64 x 107
case I 2.06 x 10—2 7.45 x 10~4 2.07 x 107
case IV 5.28 x 10~* 247 x 10~4 1.67 x 107
case V. 1.97 x 1072 7.03 x 10~4 2.08 x 107
case VI 7.96 x 1072 9.65 x 10~* 1.86 x 107
case VI  1.29 x 107! 330 x 1073 1.76 x 107
case VI 1.09 x 1072 5.94 x 10~* 1.92 x 107
case IX  1.47 x 1073 3.48 x 10~4 178 x 107#
TABLE VI
RMSE BETWEEN F (t) AND THE MONTE CARLO SIMULATION
Cases UE1 UE2 UE3
case 1 150 x 107%  1.15x 100%  1.99 x 10~%
case I 199x10™% 1.13x10™% 1.16 x 10~*
case I 9.17x 1075 213 x107* 1.03x 1074
case IV 129 x 10™% 251 x10™%  1.50 x 10~*
case V. 141 x107% 213x107% 134x10~*
case VI 134 x10™% 2.13x10™% 1.80 x 10~*
case VIL 1.23x107% 171 x107% 144 x10~*
case VI 736 x 1075 252 x 107*  2.04 x 1074
case IX  125x10™%  1.65x 10™% 1.03 x 10~*
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TABLE VII
RMSE BETWEEN F (t) AND THE MONTE CARLO SIMULATION

Cases UE1 UE2 UE3
case [ 959 x 107% 1.0l x 1073 1.03 x 107
case I 871 x10™% 9.18 x 10™%  1.00 x 1073
case I 7.17x 107*  935x10™* 9.65 x 10~4
case IV 729x 10™%  1.07x 1073 120 x 1073
case V. 8.06x107% 953x107% 1.01 x 1073
case VI  7.77x10™% 929 x 10~% 9.20 x 10~*
case VI 564 x107% 736 x 1074 8.12x10~%
case VI 727 x 10™%  9.60 x 10~%  1.09 x 1073
case IX  724x10™* 9.86x 107% 1.16 x 1073

VI. CONCLUSIONS

For OFDMA-based cellular networks where the distance-
dependent path loss and SF are considered, the closed-form
approximation for the lower and upper bounds of the down-
link average rate has been presented, and the distribution of
the downlink SINR in the logarithmic domain has been pro-
posed to be approximated as the NIG distribution. The lower
bound of the average rate has been expressed in terms of the
analytical approximate mean of the SINR in the logarithmic
domain, and the upper bound of the average rate has been pre-
sented through the value of the analytical approximate MGF
M 7 (s) of the SINR in the logarithmic domain Z ats = —1 / 3.
The parameters of the NIG approximation have been com-
puted explicitly through the closed-form approximation for the
mean, variance, skewness and kurtosis of the SINR in the
logarithmic domain. The closed-form expression for the CDF
of the SINR based on the NIG approximation has also been
obtained in terms of exponential functions and error functions.
Simulation results have verified the tightness of the lower and
upper bounds of the average rate. For the UEs near to the
BS, the lower bound almost coincides with the Monte Carlo
simulation, and the performance of the approximate mean of
the SINR in the logarithmic domain is similar to that of the
lower bound. For the UEs at the cell edge and in the middle
of cell, both the lower and upper bound are quite tight. The
feasibility and accuracy of the NIG approximation have also
been verified through simulation results. Compared to the per-
formances of the lognormal approximation and Pearson type
IV approximation, the performance of the NIG approxima-
tion is more robust to the UE location, path loss exponent,
SF correlation coefficient and standard deviation of the SF.
When the SF correlation coefficient is large or the standard
deviations of the SF are small, the lognormal approximation,
Pearson type IV approximation and NIG approximation have
the similar performance. When the SF correlation coefficient
is small or the standard deviations of the SF are large or dif-
ferent, the NIG approximation is up to one order of magnitude
more accurate than the Pearson type IV approximation and at
least one order of magnitude more accurate than the lognormal
approximation. Besides, it has been verified through simulation
results that the closed-form expression for the CDF of the SINR
based on the NIG approximation can always get the satisfactory
performance.
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APPENDIX A
PROOF OF THEOREM 4

To obtain the approximate upper bound of the average rate,
the following inequality is proved at first:

In(l+x)<9/8x" x>0. (53)

For x = 0, (53) is obvious. For x > 0, (53) is equivalent to

g(x):ln(1+x)—9/8x1/350,x>0. (54)

Next, the sign of the first derivative of g (x) is analyzed to
present the monotonicity of g (x). Then the maximum value
of g (x) is solved to prove that g (x) is negative in the range of
(0, 4+00).

The first derivative of g (x) is

8x23 —3(1 +x)

8 (1 + x)x2/3 (55)

1
hx)=———3/8x73 =
(x) T x /8 x
It can be seen that the denominator of 4 (x) is positive. Let the
numerator of & (x) represented as r (x) = 8x23 —3(1 + x).
The first derivative of 7 (x) is u (x) = 16 /3 x713 — 3. As

3
ux)>0, xe (0, (g) ) , (56a)
16)°
u(x)=0, x = (3) , (56b)
( 16)°
ux) <0, xe (3> ,+oo |, (56¢)

3
r (x) monotonically increases when x < (%) , and monoton-

3
ically decreases when x > <§) . Note that

r(x) lx—o0+0 = =3 <0, (57a)
16\°
r (<3) ) ~ 543 >0, (57b)
. 8—3()(2/3 +x1/3)
7 (x) lx>+00 = xllr-il-loo 2 = —o00, (57¢)

thus there exist two zero points of r (x) in the range of (0, +00).
Denote the smaller and larger zero point as ej and e, respec-

3
tively. e; is in the range of <O, (%6) ), and e> locates in the

3
range of ((%) , +oo). Furthermore,

(58a)
(58b)

r(x) <0, x € (0,e1) orx € (ez, +00),
rx)>0, e1 <x <es.
From the above analysis, the curve of r (x) can be intuitively

plotted in Fig. 8. The sign of 4 (x) is the same with that of
r (x), therefore

g(x)<g0) =0, xe@©,er), (59a)
gx)<g(e2), x¢€lepeal, (59b)
gx) <gler), xe€(e,+00). (59¢)
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Fig. 8. Intuitive curve of r(x).

The zeros of r (x) can be obtained by solving the equation

8x° —3(1+x)=0. (60)

Taking the substitution t = x% > 0, (60) can be rewritten as
313 — 812 +3=0. 61)

Using the Shengjin’s formula [42], the two positive solutions of
(61) can be given by

8+8 [Cos arccos(—2395/1024) _ «/§sin arccos(—2395/1024)]

n = ,

9
(62a)
8+ 8 [COS arccos(—§95/1024) + ﬁsin arccos(—§95/1024)]
h =
9
(62b)
Then
el =1; ~0.367048, e =15 ~ 15.768691.  (63)

With the value of e, in (63), the value of g (x) at ex can be
presented as g (e2) ~ —0.001582 < 0. Thus g (x) is negative
in the range of (0, +00).

With the inequality (53), the upper bound of the average rate
can be given by

R<Ry=E [9 /8 e1/32] =9/8 Mz ()lsm_rys - (64)
Replacing the MGF Mz (s) of Z with its approximation
Mz (s), (34) can be obtained.

APPENDIX B
PROOF OF THEOREM 6

Based on (51), (46) can be approximated as

~ 1 M btz
F(t):/);eﬂfx(x){1—§k§akexp[— ;xx]}dx

1 M bt
+ / fx ()15 ) arexp [— -
xeB !2 ; 2x

2
:| } dx, (65)
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where
ty=1—[—px (66a)
={x:t, >0}N0,400), B={x:t, <0} N0, +00).
(66b)

When 7 is no less than i, ¢, is positive for any x € (0, +00),
thus F (¢) can be rewritten as

F (1) = +<><>f (x) 1—1§:a ex ( bt) dx
= 2 = P\l

=1-— Ey, (67)
where
14 M
Ey=-—— s bef2q) Exr, (68
2 Zmexp<y>l;ake><p(kﬁ 61) 2.k, (68a)
“+o00 A2 82
E2,k=/ x 32 exp (— k=l — kx) dx.  (68b)
0 2 2

Take the substitution u = x_l/z, then E,j can be rewrit-

ten as
+00 A2 32
Erp = 2/ exp <— ky? — “ky=2) qu
0

2 2
The last equality follows from the formula [18]

[ ()

Thus

N2
= ) exp (—AxBy) .
k

(69)

= —5 exp (6)/) % A_]; exp <q/§2bk - AkBk) . (70
k=1

When 7 is less than fi, 7, is positive for x > ¢, and negative for
X < g, thus F (¢) can be rewritten as

B —+00 8 3 R 82 | )/2
F ()= / ——x Fexp|dy — —xT — —x
. Vor P\ 73 2

k=1
q 8 . 32 y2
—i—/ 1 exp 8y — —x7' = Z—x
0 V27 P\ ™3 2
M
1 bkt2
|:§Zakexp< > ):|dx—E3 E4 + Es,
k=1
(71)
where
P /+oo S 3 S 32 . 2 J
3= X ex y — —x — —x|dx,
. V2 P 2 2

(72a)
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M

E4 = %% exp (SV) Zak exp (kaZCI> Eqr,  (72b)

k=1
Eq = /
q

A2 B?
exp 2kx*] - Tkx dx, (72¢)

Eg= J (3 )EM: (b B2 )E (72d)
= = ex ex ,
5 2 Som p\oY k:10k P\bkP q ) E5k
q A2 BZ
Es ) = / x "M exp [ —FEx! — ZKx ) dx. (72e)
0 2 2

—12

Using the substitution u = x , E3 can be rewritten as

A~ 1 A~
s 2 Va 8, vyt

E;=2 ex (8 )/ exp| ——u"— —u du
Vo VT g TP TR T

= %exp (3)/) [exp (3]/) erf (V1) +exp (—Sy) erf (V)

—exp (8) +exp (~bv)]

1 1 )
= [ +erf (V)] = S exp (28)/) erfc (V1) .

(73)
The second equality results from the formula [18]

/ exp (—a2x2 - bzx_z) dx

= ﬁ [exp (2ab) erf (ax + bx_1>
a
+ exp (—2ab) erf (ax — bxil)] 4+c, a#0,

where ¢ is a constant. Similarly, E4; and Esj; can be

expressed as
1
7 A2 B?
E4,k=2/ﬁexp< k2 ku_z)du
0 2 2

= e [exp (Ax By) erf (Cx) + exp (— Ay B) erf (Dy)

2Ax
—exp (AgBy) + exp (—Ax By
V2
= exp (— A By) [1 + erf (Dy)]
2Ag
2w
exp (Ax By) erfc (Cy) (74a)
2Ak
+00 A2 32
Es) = 2/ exp (——ku2 — *u=2) du
ﬁ 2 2
V2
= ZAZ [exp (A By) erfc (Cy)
+exp (—Ag By) erfc (Dy)] (74b)

respectively. Thus

M

exp (Sy) Zak exp (bkﬁ2q> (Esx—E4x)

k=1

(o2

—E4+Es=

1
2

@
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