ISIT2000, Sorrento, Italy, June 25–30, 2000

CDMA with fading: Effective bandwidth and spreading-coding tradeoff

E. Biglieri, G. Taricco, E. Viterbo Dipartimento di Elettronica Politecnico di Torino, Italy e-mail: name@polito.it

G. Caire Institut Eurécom Sophia-Antipolis, France e-mail: caire@eurecom.fr

Abstract — We find the capacity regions of large CDMA systems with linear receivers and random spreading subject to slow fading (nonergodic channel) and fast fading (ergodic channel).

We consider the uplink of a single-cell, synchronous DS- CDMA system with K users and random spreading sequences of L chips. The received signal L-chip column vector corresponding to one symbol interval is given by

y = K∑ k=1 √ z_kx_ks_k + n (1)

where n ∼ NC (0, N0I), x_k is the complex modulation symbol of user k, s_k is the spreading sequence of user k, made of binary antipodal chips ±1/ √ L generated at random with uniform probability and where z_k is the flat fading power gain. We assume that the base station receiver has perfect knowledge of all fading gains and phases, and without loss of generality, we include the phase rotation of the k-th channel into the modulation symbol x_k. User k is received with signal-to-noise ratio (SNR) γ_k = z_kΓ_k, where Γ_k is the transmit SNR. As in [3, 4], we consider an asymptotically large system with K → ∞ and K/L → α. The receiver for user 1 (our reference user) is defined by y1 = h^H_1 y followed by a single-user decoder operating on the sequence of filter outputs y1. The filter h1 can be either a single-user matched filter (SUMF) or a linear MMSE filter [1]. Under the above assumptions, the output SINR β1 of receiver 1 satisfies [3]:

β1 = γ1 1+α ∫_∞ 0 x dFγ (x) SUMF γ1 1+α ∫_∞ 0 xγ1 γ1 +xβ1 dFγ (x) MMSE (2)

Where Fγ (x) is the limiting cdf of the received user SNRs. In the following, we assume that users are partitioned into J classes. Each class j is characterized by a transmit SNR Γj . Each class has pj K users, where ∑_J j=1 pj = 1, and the z_k are i.i.d. and normalized, so that ∫_∞ 0 xdFz(x) = 1. Then, Fγ (x) = ∑_J j=1 pj Fz (x/Γj ) where Fz (x) is the fading cdf. Let user 1 belong to class i. Because of the uncompensated fading, user 1 SINR is a random variable βi,1. However, the ratio ξ = βi,1/(Γiz1) is non-random and independent of i, and can be calculated from (2).

Non-ergodic fading. In this case, we assume that the fading time-variations are very slow so that the output SINR is random but constant over one code word. Outage probability for users of class i is given by Pout,i = P (β_{i,k} ≤ β̄i) = Fz (_{β̄i} ξΓi ) where β̄i is a SINR threshold that depends on the coding scheme of class i. Assuming Gaussian codes and minimum distance decoding at the output of the receiving filter, we let β̄i = 2^{Ri} − 1.

Let Γ̄ = (Γ̄1, . . . , Γ̄J ) be a vector of input SNR constraints, ϵ = (ϵ1, . . . , ϵJ ) be a vector of target outage probabilities, and R = (R1, . . . , RJ ) be a vector of coding rates. We find the outage capacity, i.e., the set R ⊆ R^J_+ of rate vectors R that can be assigned to the J classes such that, for all i = 1, . . . , J, Pout,i ≤ ϵi and Γi ≤ Γ̄i. By letting μi = 2^{Ri} − 1 sup{x ∈ R + : Fz (x) = ϵi} (3) we rewrite the outage constraint as Γiξ ≥ μi. For maximum Ri this must hold with equality, which implies that Γi/μi = κ is a constant independent of i. Solving for κ and imposing the input constraints, we obtain the capacity inequality α J∑ j=1 pj Bj ≤ min_{1≤i≤J} { 1 − μi Γ̄_i } (4) where the effective bandwidth Bj is given by Bj = {_{μj SUMF} ∫_∞ 0 xμj 1+xμj dFz (x) MMSE (5) Ergodic fading. In this section we assume that the fading is sufficiently fast the channel can be considered information stable [2]. Assuming that all users generate their code book according to a complex circularly-symmetric Gaussian pdf, users in class i can communicate reliably at rate Ri = ∫_∞ 0 log_2(1 + xξΓi)dFz (x)

We find the set of rates R = (R1, . . . , RJ ) achievable with input constraints Γ ≤ Γ̄. Since the function f(y) = ∫_∞ 0 log_2(1 + xy)dFz(x) is monotonically increasing, we define νi = f^{−1}(Ri), then, Γiξ ≥ νi and from an argument similar to above we obtain a capacity inequality of the same form of (4), with the substitution νj → μj . It follows that the effective bandwidth Bj in the ergodic case has the same form of (5), with νj → μj . References

[1] S. Verdú, Multiuser Detection. New York: Cambridge University Press, 1998.

[2] E. Biglieri, J. Proakis, and S. Shamai (Shitz), “Fading channels: Information-theoretic and communications aspects,” IEEE Trans. Inform. Theory, Vol. 44, No. 6, pp. 2619–2692, October 1998.

[3] D. Tse and S. Hanly, “Linear multiuser receivers: Effective interference, effective bandwidth and capacity,” IEEE Trans. on Inform. Theory, Vol. 45, No. 2, pp. 641–657, March 1999.

[4] S. Verdú and S. Shamai (Shitz), “Spectral efficiency of CDMA with random spreading,” IEEE Trans. on Inform. Theory, Vol. 45, No. 2, pp. 622–640, March 1999.