Effects of Rician Fading and Branch Correlation on a Local-Mean-Based Macrodiversity Cellular System^1

Li-Chun Wang^�, Gordon L. Stüber+, and Chin-Tau Lea+

� AT&T Research, Crawford Hill Laboratory, Holmdel, NJ 07733 email: lichun@research.att.com + School of Electrical and Computer Engineering Georgia Institute of Technology, Atlanta, Georgia 30332, U.S.A. email: stuber,leact@eecom.gatech.edu

ABSTRACT In a macrodiversity cellular system, switching radio links between base stations cannot be done instantaneously. Thus branch selection is usually based on the measurement of the slowly-varying local mean power rather than the rapidly-varying instantaneous signal power. In this paper we offer an exact mathematical model to analyze the performance of a local-mean-based macrodiversity cellular system in a shadowed-Rician (desired) /shadowed-Rayleigh (interfering) channel. We investigate the impact of both fading (Rician or Rayleigh) and shadowing in terms of co-channel interference (CCI) probability. We also present an analytical model to incorporate the effects of branch correlation on macrodiversity systems.

I Introduction

Macrodiversity, or a large-scaled space diversity, has long been recognized as an effective tool to combat shadowing [1]. A macrodiversity system serves a mobile station (MS) simultaneously by several base stations (BSs). At any time, the BS with the best quality measure is chosen to serve the MS. The criterion for branch (or BS) selection is a key issue when designing a macrodiversity system. Usually, the branch selection is based on the local mean power rather than the instantaneous power [1, 2, 3, 4], because the branch selection algorithm cannot react to the rapidly varying instantaneous signal power. This paper focuses on local − mean − based branch selection schemes.

Previous studies on macrodiversity systems have evaluated the co-channel interference performance with shadowing only [5, 6, 7] and shadowed Rayleigh fading channels [4]. The cochannel interference performance was also discussed in [9], but it was assumed that the branch selection was based on the instantaneous signal power. The error rate performance of macrodiversity systems has been analyzed in Gaussian noise with both shadowing and Rayleigh (or Nakagami) fading [2, 3, 8]. However, these papers did not consider co-channel interference. To our knowledge, the effect of Rician fading on a local-mean-based macrodiversity system has not been studied before. Furthermore, the effect of branch correlation for macrodiversity systems has not appeared in the literature, either. This paper addresses these issues in detail.

The remainder of this paper is organized as follows. Section II briefly reviews the propagation environment. Section

III presents an exact analysis for the performance gain for a local-mean-based macrodiversity system in a shadowed Rician (desired) / shadowed Rayleigh (interfering) channel. This model is extended to incorporate the effect of branch correlation in Section IV. Section V will give some numerical examples, and Section VI has some concluding remarks.

II Microcell Propagation Models

The path loss is assumed to follow the two-slope model so that the area mean received power is μ = PtC d^a(1 + d/g)^b , (1)

where Pt is the transmitted power, C is a constant that incorporates the effects of antenna gain, d is the distance between the transmitter and receiver, g is the break point, a is the basic path loss exponent, and b is the additional path loss exponent.

With log-normal shadowing, the probability density function (pdf) of the local mean power, Ω, has the log-normal distribution

fΩ(x) = 1 √ 2πσx exp [ − (ln x − ln μ)^2 2σ^2 ] , (2)

where σ is the shadow standard deviation and μ is the area mean power determined by the path loss in (1).

In microcell propagation with a dominant light-of-sight (LOS) or specular component, the instantaneous signal amplitude is Rician distributed. If the power in the scattered component of the received signal is σ^2 and the amplitude of the dominant component is A, then the instantaneous received signal power, p, conditioned on the local mean power Ω = A^2/2 + σ^2 has the non-central chi-square distribution

f_{p|Ω} (x | Ω) =

K + 1 Ω exp [ −K − (K + 1) x Ω ]

I0 (√ 4K(K + 1)x Ω ) (3) where I0 is the zero-order modified Bessel function of the first kind, and K = A^2/2σ^2 is the Rice factor.

An interfering signal usually has no dominant component so that its instantaneous signal amplitude is Rayleigh distributed.

The pdf of the instantaneous interfering signal power, p, in a Rayleigh fading channel can be obtained by letting K = 0 in (3), giving

f_{p|Ω} (x | Ω) = 1 Ω exp [ − x Ω ] , (4)

where Ω is the local mean interfering signal power.

III Co-channel Interference Probability

This section presents an analytical model for calculating the co-channel interference (CCI) probability for an L-branch localmean-based macrodiversity system with shadowing and fading. Our model assumes that the local mean power of the desired signal, Ωd,k, is available for each branch k, where k = 1, . . . , L. In practice, the desired signal power is mixed with the total interference power for each branch ΩI,k, so that Ωd,k + ΩI,k is actually measured. However, the difference is small for large Ωd,k/ΩI,k. If the branch having the largest Ωd,k is selected, then the local-mean power of the selected branch is S = max (Ωd,1, Ωd,2, · · · , Ωd,L) . (5) Let Fk(x) and fk(x) denote the cumulative distribution function (cdf) and the pdf of Ωd,k, respectively. If the Ωd,k are independent random variables with the pdf in (2), then S has the pdf fS (y) = L [Fk(y)]^{L−1} fk(y). The CCI probability is P (CI) = Pr [pd/pI < λth] = 1 − ∫_∞ 0 [∫ x_{λth} −∞ fp_I (y)dy ] fp_d (x)dx , (6) where pd and pI are the total powers of the desired and interfering signals for the selected branch with pdfs fp_d (x) and fp_I (y), respectively, and λth is the protection ratio.

III-A Pure Shadowing

The interfering signals add noncoherently so that the total interference power on the kth branch is ΩI,k = ∑_n i=1 ΩI,k,i, where n is the number of interferers and ΩI,k,i is the power of the ith interferer on the kth branch. It is widely accepted that ΩI,k can be approximated by a log-normal random variable with area mean power μI,k and standard deviation σI,k. The parameters σI,k and μI,k can be calculated by using a variety of methods, including Schwartz and Yeh’s method [10].

If the {ΩI,k}^n_{k=1} are independent and identically distributed (iid), and the {Ωd,k}^L_{k=1} are also iid and independent of the {ΩI,k}^n_{k=1}, then [5, 7] P (CI) = 1 − L ∫_∞ 0 [∫ x_{λth} −∞ 1 √ 2πσI y exp [ − (ln y − ln μI )^2 2σ^2_I ] dy ]

× [ 1 − Q ( ln x − ln μ_d σd )]_{L−1}

× 1 √ 2πσdx exp [ − (ln x − ln μd)^2 2σ^2_d ] dx (7)

where Q(y) = ∫_∞ y 1 √ 2π exp(−x^2/2)dx, and σd and μd are the

shadowing standard deviation and area mean power of the desired signal on the kth diversity branch, respectively.

For ease of evaluation, we let w = (ln x − ln μd)/ √ 2σd and transform (7) into a Hermite integration form. That is, P (CI) = 1 − ∫_∞ −∞ g(w) exp(−w^2)dw ≃ 1 − n∑ i=1 g(wi)hi , (8) where g(w) = L √ π 1 − Q √ 2σdw + ln μd μI λth σI [ 1 − Q (√ 2w )]_{L−1} , (9)

and wi and hi are the roots and weight factors of the nth-order Hermite polynomial, respectively [13].

III-B Rician Fading and Shadowing

For a local-mean-based macrodiversity system with shadowed Rician fading channels, the branch selection is still based on the best local mean power Ωd,k. If S in (5) is assumed known, then by substituting (3) and (4) into (6) we obtain [7] P (CI | S, Ω_I ) = n∑ i=1 ΩI,i^{n−1} n∏ j=1,j≠i (ΩI,i − ΩI,j ) K + 1

K + 1 + S ΩI,iλth

exp −K S λthΩI,i K + 1 + S ΩI,iλth (10)

where Ω_I = (ΩI,1, · · · , ΩI,n) and K is the Rice factor of the desired signal. Assuming that the {ΩI,k}^n_{k=1} are independent, the joint pdf of Ω_I is

fΩ_I (x) = n∏ i=1 1 √ 2πσI,ixi exp [ − (ln xi − ln μI,i)^2 2σ^2_{I,i} ] (11)

where x = (x1, · · · , xn). By using (11), (10), and the pdf of S, we obtain P (CI) = ∫_∞ 0 · · · ∫_∞ 0 P (CI | S, Ω_I ) L [ 1 − Q ( ln S − ln μ_d σd )]_{L−1} √ 2πσdS exp [ − (ln S − ln μd)^2 2σ^2_d ]

n∏ i=1 1 √ 2πσI,iΩI,i exp [ − (ln ΩI,i − ln μI,i)^2 2σ^2_{I,i} ] dSdΩ_I . (12)

By using the substitution α = ln(S/μd)/( √ 2σd) and βi = ln(ΩI,i/μI,i)/( √ 2σI,i), i = 1, · · · , n, we transform (12) into a Hermite integration form, which can be evaluated with numerical ease. In particular, P (CI) = ∫_∞ −∞ · · · ∫_∞ −∞ L [ 1 − Q (√ 2α )]_{L−1} G(α, β) √ π^{n+1} exp [ −α^2 − n∑ i=1 β^2_i ] dα dβ

≃ h_n∑

k_n=1 · · · h0∑ k0=1 L √ π^{n+1} [ 1 − Q (√ 2xk_0 )]_{L−1}

G(xk_0 , xk_1 , · · · , xk_n )wk_0 · · · wk_n (13) where β = (β1, · · · , βn), xk_i is the root of the hith order Hermite polynomial, and wk_i is its corresponding weight factor. Here G(α, β) is obtained by substituting S = μd exp( √ 2ασd) and ΩI,i = μI,i exp( √ 2βiσI,i), i = 1, · · · , n, into P (CI | S, Ω_I ) in (10). That is G(α, β) = n∑ i=1 1 n∏ j=1 j6=i ( 1 −^{μI,j}_{μI,i} exp [√ 2(βj σI,j − βiσI,i) ])

K + 1 K + 1 + ϵi exp [ −Kϵ_i K + 1 + ϵi ] (14)

where ϵi = μd λthμI,i exp [√ 2(ασd − βiσI,i) ] . (15)

IV Correlated Branches

Until now, we have assumed independent shadowing on the macrodiversity branches. This assumption may sometimes be violated because of insufficient spacing of BSs, especially in microcell systems.

For a correlated L-branch macrodiversity system, the joint pdf of Ω_d [12]

fΩ_d (z) = exp [ −^1_2 Y^T M^{−1}Y ] √ (2π)^Ldet(M)z1 · · · zL

(16)

where z = (z1, · · · , zL), Y^T = [y1, · · · , yL] denotes the transpose of column vector

Y = ln(z1) − ln(μ1) . . ln(zL) − ln(μL) (17)

and μ1, · · · , μL are the area means of each diversity branch. The covariance matrix M is expressed as

M = σ^2_1 · · · ν1L . . .. . . . νL1 · · · σ^2_L (18)

where σi is the shadowing standard deviation and νi,j is the covariance of ln(Ωdi) and ln(Ωdj )

νij = E [(ln(Ωdi) − ln(μi)) (ln(Ωdj ) − ln(μj ))] . (19)

It is convenient to define N = M^{−1} and express the matrix multiplication in (16) as follows.

YT_{NY =}^L∑ i=0 Niiy^2_i + 2 L−1∑ i=0 L∑ j=i+1 Nij yiyj (20) where Nij is the element in the ith row and jth column.

According to (5), (16), and (20), the probability that the local mean power S at the output of the combiner being less than y is

Pr(S < y) = ∫_y −∞ · · · ∫_y −∞ 1 √ (2π)^Ldet(M)z1 · · · zL exp [ − 1 2 (_L ∑ i=1 Niiy^2_i + 2 L−1∑ i=1 L∑ j=i+1 Nij yiyj )] dz (21)

where Nij and yi are defined in (20) and (17), respectively.

The key for analyzing the CCI probability of the local-mean-based macrodiversity system is to find the pdf of the combiner output power, fS (y). Unlike the uncorrelated case where there exists a closed-form expression for fS (y), one can not easily get a simple closed formula for the joint distribution of more than two mutually correlated lognormal random variables. However, for L = 2, fS (y) = 1 √ 2πdet(M) { 1 √ N22 exp [ − y^2 2 ( N11 − N12 N22 )] [ 1 − Q (( √ N22 + N12 √ N22 ) y )]

+ 1 √ N11 exp [ − y^2 2 ( N22 − N12 N11 )] [ 1 − Q (( √ N11 + N12 √ N11 ) y )]} (22)

where y = (ln pod − ln Υd) and d denotes the branch selected by the macrodiversity system. Consider the following covariance matrix M M = [ σ^2 μ μ σ^2 ] , (23) and N = M^{−1} = 1 σ^4 − μ^2 [ σ^2 −μ −μ σ^2 ] . (24)

By substituting (24) into (22), we express the pdf of the output local-mean power of the dual macrodiversity system as fS (y) = √ 2 √ πσy { 1 − Q [( 1 − r √ 1 − r^2 ) ( ln y − ln μd σ )]

exp [ − (ln y − ln μd)^2 2σ^2 ]} (25)

where the correlation coefficient r is defined as r = ν σ^2

. Combining (10), (11), and (25), we obtain P (CI) = ∫_∞ −∞ · · · ∫_∞ −∞ 2G(α, β) √ π^{n+1} [ 1 − Q ( √ 2 ( 1 − r √ 1 − r^2 ) α )]

exp [ −α^2 − n∑ i=1 β^2_i ] dα dβ

≃ h_n∑

k_n=1 · · · h0∑ k0=1 2 [ 1 − Q ( √ 2 ( 1 − r √ 1 − r^2 ) xk_0 )] √ π^{n+1} ×G(xk_0 , · · · , xk_n )wk_0 · · · wk_n , (26) where α and β are defined in (13), the weight factor wk_i of the hith order Hermite polynomial can be found in [13], and G(α, β) is defined in (14).

V Numerical Results

We consider a cellular system with nine cells per cluster. In this case, two co-channel interferers are at 5.2 R, where R is the cell radius. Assume the mobile unit is on the boundary of the cell with a distance of R to the base station. Consider a dual slope path loss model with a = b = 2 and g = 0.15 in (1). Fig. 1 (a), (b), and (c) illustrate the gain achieved by a localmean-based S− macrodiversity system over a shadowed-Rician (desired) /shadowed-Rayleigh (interfering) channel for the Rice factors K = −∞, 7, and 20 dB. Table 1 lists the threshold λth and diversity gain (D.G.) in terms of 5 % co-channel interference (CCIP) probability. Some general observations can be made: 1) a higher shadowing spread leads to a higher diversity gain and a lower required threshold λth; 2) the diversity gain per branch is decreased as the number of diversity branches is increased; 3) the diversity gain increases with the requirement of the system, e.g., the diversity gain for 5 % CCI probability is higher than that for 10 % CCI probability. In addition, we see that the diversity gain seems to be affected little by fading and that a shadowed Rayleigh channel has the least diversity gain.

We evaluate the effects of correlation coefficient r on a 2- branch macrodiversity system with σ = 6 dB and various K, K = −∞ dB (Fig. 2 (a)); K = 10 dB (Fig. 2 (b)). Observe that as r approaches one, the diversity gain becomes zero. Furthermore, for r = 0.7, the diversity gain will be reduced to about 50 % of the gain when r = 0.

VI Concluding Remarks

We consider a cellular system with nine cells per cluster. This paper presented an analytical model for calculating the cochannel interference probability of a local-mean-based macrodiversity system in a shadowed Rician (desired) / shadowed Rayleigh (interfering) channel. Compared to a pure shadowing channel, Rayleigh fading degrades the S/I performance by about 4 ∼ 5 dB at 10 % CCI probability. However, as the Rice factor K gets large, the degradation of S/I is within 1 dB. We also observe that fading (either Rayleigh or Rician) has little effect on the diversity gain of local-mean-based macrodiversity systems. The diversity gain is the same, but Rayleigh fading is always worse than Rician fading.

In two-branch macrodiversity system, a branch correlation coefficient of r = 0.7 will reduce the diversity gain by 50 %. We considered correlated shadowing between diversity branches, but shadowing components between the desired and interfering signals are assumed to be independent in this paper. Furthermore, it has been shown that the correlation of shadowing components between interferers does not significantly influence the CCI probability performance [11]. The results obtained in this paper will be close to the results derived for the environment with multiple correlated log-normal shadowing interferers.

References

[1] W. C. Jakes, Microwave Mobile Communications. New York: Wiely, 1974.

[2] W. P. Yung, “Probability of bit error for MPSK modulation with diversity reception in Rayleigh fading and log-normal shadowing channel,” IEEE Transactions on Communications, Vol. 38, pp. 933–937, July 1990.

[3] A. A. Abu-Dayya and N. C. Beaulieu, “Micro- and macrodiversity NCFSK (DPSK) on shadowed Nakagamifading channels,” IEEE Transactions on Communications, Vol. 42, pp. 2693–2702, September 1994.

[4] L. C. Wang and C. T. Lea, “Performance gain of a Smacrodiversity in a log-normal shadowed Rayleigh Fading channel,” Electronics Letters, Vol. 31, pp. 1785–1787, September 1995.

[5] Y. H. Yeh, J. C. Wilson, and S. C. Schwartz, “Outage probability in mobile telephone with directive antennas and macrodiversity,” IEEE Journal on Selected Areas in Communication, Vol. 2, pp. 507–511, July 1984.

[6] R. C. Bernhardt, “Macroscopic diversity in frequency reuse radio systems,” IEEE Journal on Selected Areas in Communication, Vol. 3, pp. 862–870, June 1987.

[7] L. C. Wang and C. T. Lea, “Macrodiversity cochannel interference analysis,” Electronics Letters, Vol. 31, pp. 614– 616, April 1995.

[8] A. M. D. Turkmani, “Probability of error for M-branch macroscopic selection diversity,” Proceedings of IEE, Part I, Vol. 139, pp. 71–78, February 1992.

[9] J. P. M. G. Linnartz, “Site diversity in land mobile cellular telephony network with discontinuous voice transmission,” European Transaction on Telecommunications, Vol. 2, No. 5, pp. 471–480, 1991.

[10] S. C. Schwartz and Y. S. Yeh, “On the distribution function and moments of power sums with log-normal components,” Bell System Tech. J., Vol. 61, pp. 1441–1462, September 1982.

[11] L. C. Wang and C. T. Lea, “Incoherent Estimation on Co-Channel Interference Probability for Microcellular Systems,” IEEE Transactions on Vehicular Technology, Vol. 45, No. 1, pp. 164–173, Feb. 1996.

[12] W. B. Davenport, Jr. and W. L. Root, An Introduction to the Theory of Random Signals and Noise. IEEE Press, 1987.

[13] M. Abramowitz and I. A. Stefun, Handbook of Mathematical Functions, p. 941. 1965.

Table 1: Macrodiversity gain (D. G.) and the threshold λth of S/I set at the receiver in terms of 5 % co-channel interference probability (CCIP) over a channel with both shadowing and Rician fading K = �1, 7, 20 dB.

σ = 6 dB L K = �1 dB K = 7 dB K = 20 dB λth D. G. λth D. G. λth D. G.

1 5.49 - 9.34 - 10.86 - 2 9.78 4.29 13.81 4.47 15.56 4.70 3 11.78 6.29 16.11 6.77 17.51 6.65 4 13.13 7.64 17.47 8.13 19.10 8.24

(a)

(b)

(c) Figure 1: The CCI probability, P (CI), against the required threshold, λth, at the receiver for the local-mean-based macrodiversity system over the shadowed-Rician (desired) / shadowed-Rayleigh (interfering) channel with Rice factor (a) K = �1 dB, (b) K = 7 dB, and (c) K = 20 dB, where the solid lines (—–) denote the case for shadowing standard deviation σ = 10 dB and the dashed lines (�) for σ = 6 dB; a = b = 2, g = 0.15R; two interferers are located at a distance of 5.2R.

(a)

(b) Figure 2: Effect of branch correlation coefficient r on the local-mean-based macrodiversity system with Rice factor (a) K = �1 dB and (b) K = 10 dB, where σ = 6 dB; a = b = 2, g = 0.15R; two interferers are located at a distance of 5.2R.