Multiuser Access Detection for CDMA Systems

Aylin Yener Roy D. Yates Wireless Information Networks Laboratory (WINLAB) Department of Electrical and Computer Engineering, Rutgers University yener@winlab.rutgers.edu ryates@winlab.rutgers.edu

Abstract: We consider CDMA systems employing packet switching where multiple users can access the system simultaneously. The problem of detecting the activity of multiple new users in an efficient manner is studied. Under the optimistic assumption of a discrete delay space, the maximum likelihood receiver that detects the presence of multiple new users, i.e the optimum multiuser access detector, has high complexity. Thus, we propose a suboptimum decorrelating receiver which has lower complexity. We then investigate how this simple detector performs under general conditions. The overall recognition of new users by the system is achieved by the decorrelating access detector followed by a bit detector that decodes users’ identification information. Performance of the overall access scheme is given and factors effecting the multiuser access capacity of the system are identified.

1 Introduction

Code Division Multiple Access (CDMA) is a promising access scheme for future wireless systems that intend to use packet switching to support a wide range of services with different requirements. Considerable effort has been directed towards establishing efficient protocols for packet switched CDMA networks to date (see [1] and references therein), however all these studies dealt with issues after the timing parameters and the activity status of users are obtained. In reality, future wireless systems may require services where many users arrive and leave the system quickly. Thus, determining which users are active and the parameters associated with these users in an efficient manner become important issues in system design.

In this paper, we consider a packet switched CDMA system where a previously inactive group of users attempt to gain access to the system. Their presence must be detected by the system for them to be able to send information. This includes determining which users become active in a given period and the unknown parameters associated with an active user without which the user’s information bits cannot be received reliably. The most important of these parameters is the time of arrival (delay) of the user.

Estimation of users’ delays in CDMA systems has been an active research area. Timing acquisition work initially concentrated on determining the delay of a single user assuming a Gaussian disturbance, then on determining the delay of a single user in the presence of multi-access interference [2–4]. Finally extensive effort has been directed towards estimation of all users’ delays (and amplitudes) jointly [5–8]. These studies assume that each user whose delay is estimated is known to be active. Also, these studies assume a dedicated signature sequence per user suggesting an inherently circuit switched structure. Receivers which can detect one new user’s activity at a time along with estimation of its parameters have been constructed in [9]. This work is founded on the assumption that at most one new user attempts to access the system during the detection period which may not be appropriate for packet switched networks.

In this work, we concentrate on detecting multiple users’ activity along with the delays of each of these users within the context of the model described in Sections 2 and 3. The optimum multiuser access detector under simplistic assumptions is developed and is observed to be highly complex. A decorrelating type suboptimum linear receiver is constructed. The performance of the decorrelating receiver in the absence of these assumptions is investigated. It is observed that the access stage may be potentially a limiting factor in the capacity of a packet switching CDMA system. Factors affecting the multiuser access capacity are discussed.

2 System Model

We consider CDMA systems where multiple users can attempt to access the system at the same time. We assume that the new users have all acquired the base station’s pilot signal and are tuned to the downlink paging channel where they can receive broadcast messages. The start time of the access message is broadcasted from the base station along with other necessary access parameters. The delay uncertainty of the new users thus comes from their transmission (propagation) delays relative to the broadcast of the base station. We assume these delays to be less than 1 bit period for each new user (see Figure 1).

We consider a system where new users attempt to access the system through a common signature sequence (access channel). As mentioned in the previous section, this is conceptually different than a conventional CDMA system where users have dedicated signature sequences.

We assume the initial packet that each user sends includes a preamble (a sequence of 1s) that we use to detect the user’s activity and estimate its propagation delay followed by the user’s identification. If the user’s presence is detected by the system during the access phase and its identification is decoded correctly, the user receives an acknowledgment to go forward with the information transmission. The model as depicted in Figure 2 suggests a two-stage receiver whose initial stage works on the transmitted preambles to detect the activity status of the users and is followed by a detector which will decode the active users’ identification information (see Figure 3). In this paper, we will concentrate on how to construct the first stage, i.e. the detection of the presence of the active users. This will be done by detecting the activities (if any) at or around certain delay values determined by the users’ propagation delays. The detector for the second stage is an asynchronous multiuser detector and is constructed using the information about the activity status of the users supplied by the first stage, i.e. if users’ activity is detected at or around a delay value, a corresponding receiver filter is designed to decode the incoming identification information and/or suppress interference.

The performance of the first stage is of vital importance to the system since the performance of the second stage detector hinges upon the correctness of the information supplied by the first stage. A false alarm event, the event that the system declares one (or more) user(s) present at a particular delay when there is none, implies waste of resources for the second stage since it may require the detector to try to decode fictitious users and to suppress their actually non-existing interference to other users. A miss event which contributes to the rate at which the system fails to capture a user is also highly undesirable since an active user will not enter the system and its interference will not be cancelled while other users are being decoded during the second stage.

3 Analysis Preliminaries

The problem we will consider in this paper is the detection multiple new users in a Gaussian channel. Users enter the system with the initial packet that contains the access preamble and the identifier, transmit their messages and leave the system before the system announces the next access start time, thus no other connection is present or established during the service of these users.

The total received signal during the first stage of access (the preamble stage) can be expressed as: r(t) = N_A∑

i=1 √ q_is_a(t − τ_i) + n(t) (1)

where N_A is the number of active users, q_i and τ_i are the received power and the delay of the user i and n(t) is the zero mean white Gaussian noise with power spectral density σ^2. The accessing signature sequence s_a(t) can be expressed as

s_a(t) = G∑ i=1 c(i) 1 √ G p(t − (i − 1)T_c) (2) where G is the processing gain, T_c is the chip duration, c(i) ∈ {−1, 1} is the ith chip value, and p(t) is the chip waveform normalized to have unit energy. Throughout the paper we will assume for simplicity that p(t) is rectangular. Thus, p(t) = {_{1√} T_c , 0 ≤ t < Tc 0, else (3) The received signal is observed from the start of the access message with 1-bit delay, thus for a total of L − 1 bits where L > 1 is the length of the preamble. The reason of observing the signal with 1-bit delay is to ensure the capture of at least one bit period where all new users are actively sending their access preamble (see Figure 4). Note that during each observed bit interval, the contribution of each active terminal consists of the access signature sequence circularly shifted by that terminal’s delay value. This fact will be used extensively in the sequel. Specifically, we will term the contribution of the kth user the effective signature sequence of user k.

4 Discrete Timing Delays

To motivate the subsequent development, let us first assume that the time of arrival of each user’s access preamble can be one of M possible values between 0 and T_{max} and these M values are uniform and Δ =^{Tc}_v apart (M = ⌈^{Tmax}_Δ + 1⌉). We can then design a bank of filters each of which is matched to a possible effective signature sequence and filter the received signal in each bit period (starting at t = T_b = GT_c) of the preamble stage. Defining c̃_i = c(k) (k − 1)v ≤ i ≤ kv, k = 1, · · · , G (4) p̃(t) = {_{1√} T_c , 0 ≤ t < Δ 0, else (5) we can express the jth possible effective signature sequence (jth filter to be used) as:

s_j (t) = vG∑ i=1 c̃_{i⊕(vG−j)} 1 √ G p̃(t − (i − 1)Δ) (6)

where ⊕ denotes the sum modulo vG.

Let us also assume that accessing users all arrive at the base with equal received power. Then, given the observation period, the resulting filter outputs that are contained in the vector r constitute a sufficient statistic for determining the number of active users at each possible delay. r can be expressed as: r = √ q(L − 1)Γa + n (7)

where Γ is the M × M circular autocorrelation matrix of the accessing signature sequence, i.e. Γ_{ij} = ∫ T_b si(t)sj (t)dt, ai ∈ {0, 1, ..., N} is the number of active

users at ith possible delay^1 and n is the zero-mean filtered Gaussian noise with covariance matrix (L − 1)σ^2Γ.

Note that for this simple case, the vector a captures all the information about the time of arrival of the active users.

From Equation (7), the maximum likelihood joint detection of the number of users active at each delay value, i.e. the optimum multiuser access detection problem, reduces to the following combinatorial problem: min a∈{0,1,...,N}^M −2r^T a + √ q(L − 1)a^T Γa (8)

The problem is of identical structure to the well-known optimum multi-user symbol detection problem which has been shown to be an NP-hard optimization problem [10]. Following the same approach, it is straight forward to see that one needs to evaluate the above cost function at (N + 1)^M points to get the maximum likelihood estimate of a. Since this could be of prohibitive complexity for large values of M, we instead suggest a sub-optimum multiuser access receiver that is similar to the decorrelator Lupas and Verdú used for bit detection [11]. The decision statistics then are: y = 1 (L − 1)

Γ^{−1}r = √ qa + ñ (9)

where the covariance matrix of ñ is^{σ2}_{(L−1)} Γ^{−1}. The value of a_i is then declared in the maximum likelihood sense using y_i.

Note that the existence of the detector depends only on the existence of Γ^{−1} and not on the number of potential users. Thus the existence can be guaranteed by using an accessing signature sequence whose possible circular shifts are linearly independent.

It is also important to observe that the detector can be precomputed since the form does not depend on the number of active users. The complexity of constructing the detector is the complexity of inverting a matrix which in general is O(M^3). However, it is easy to show that the circular autocorrelation matrix Γ is Toeplitz and the inverse operation can be carried out more efficiently using this observation.

5 Continuous Timing Delays

In the construction of the decorrelating multiuser access receiver we assumed that the delay space of users is discrete which is not a realistic assumption. On the other hand, it was this assumption that led us to the construction of a simple linear detector. Also, it is not realistic to assume that the received power values of the users are known and equal. In this section, we relax these assumptions and investigate how the decorrelating multiuser access detector can be used to detect the accessing users in this case.

1We assume at most N users can be active at one delay value

and NA ˇ MN

We begin with an observation that will be of importance for the sequel. Proof of the observation is omitted due to space limitations. Let us define s^α_j (t) as the circularly shifted version of the basic access signature sequence by (j + α) Δ where α ∈ [0, 1] is the delay mismatch expressed in fraction of one resolution interval of the multiuser access detector (Δ).

Observation 1 The signal s^α_j (t) filtered with s_k(t) results in ρ_{jk}(α) = ∫ T_b s^α_j (t)s_k(t)dt = (1 − α) Γ_{jk} + α Γ_{(j+1)k}

(10)

In words, the observation above means that at the output of the matched filters described by Equation (6), the effective signature sequence s^α_j (t) poses as a convex combination of effective signature sequences s_j (t) and s_{j+1}(t) weighted by 1 − α and α respectively.

Let us further define I_i, i = 1, · · · , M − 1, as the interval [(i − 1)Δ, iΔ]. Using this definition we can restate Equation (1) as: r(t) = M−1∑ i=1 ∑ τ_k ∈I_i √ q_ks_a(t − τ_k ) + n(t) (11)

Associated with each active user k, there is a fractional mismatch α_k (0 ≤ α_k < 1) such that

α_k = τ_k Δ − i_k, i_k = ⌊ τ_k Δ ⌋ (12)

Recall that the received signal is observed starting at time t = T_b and the contribution of user k within each bit of the observed signal is the access signature sequence circularly shifted by τ_k . So, the received signal in the observation window t ∈ [T_b, L T_b] is r(t) = M−1∑ i=1 ∑ τ_k ∈I_i √ q_ks^{αk}_i (t) + n(t) (13)

The output of the jth filter out of M circularly shifted filters can be expressed as:

r_j = M−1∑ i=1 ∑ τ_k ∈I_i √ q_kρ_{ij} (α_k) + n_j j = 1, · · · , M (14)

Now, using Equation (10), we can express the output vector of the filter bank as

r = (L − 1)Γβ + n (15)

and the output of the decorrelating multiuser access detector is y = 1 (L − 1)

Γ^{−1}r = β + ñ (16) where

β_i =

∑ τ_k ∈I_i (1 − α_k) √ q_k, i = 1 ∑ τ_k ∈I_i�1 α_k √ q_k + ∑ τ_k∈I_i (1 − α_k) √ q_k, 2 < i < M ∑ τ_k ∈I_M �1 α_k √ q_k, i = M (17)

As can be seen from Equation (17), users whose delays τ_k belong to I_{(i−1)} or I_i, i.e. in [(i − 2)Δ, iΔ] contribute to y_i with their associated weights that depend on their delay mismatch parameters. Users that are outside [(i − 2)Δ, iΔ], on the other hand, are eliminated by the decorrelating detector.

Since β_i contains contributions from an unknown number of users each of which has an unknown delay offset, it is difficult to solve for the exact number of active users. Instead, we can simply try to detect if there are any active users around the ith delay value by designing a simple threshold test. If we ignore the correlations between filter outputs, we can design a Neyman-Pearson type binary hypothesis test for y_i with the hypotheses: • H_{i1} : Activity detected at the ith filter • H_{i0} : No activity at the ith filter The threshold is set for each test so that a fixed false alarm probability performance (α_F ) is achieved. Specifically, for y_i we set the threshold Λ_i such that

α_F = ∫_∞ Λ_i 1 √ 2πΓ^{−1}_{ii} σ^2/(L − 1) e^{−x2/(2Γ} �1_{ii σ}2_{/(L−1))} dx (18)

The threshold Λ_i can be expressed as:

Λ_i = Q^{−1}(α_F ) √ Γ^{−1}_{ii} σ^2 (L − 1)

(19)

where Q(x) is the standard normal complementary CDF. The test is:

y_i^{H1i}?_{H0i} Λ_i (20)

So, for activity to be detected at the output of the ith decorrelator, the output should exceed a factor that depends on the specified false alarm rate times the enhanced noise magnitude at that decorrelator. Once activity is detected at the output of the ith decorrelator, the second stage detector uses this information to try and decode the identification information of a user around the corresponding delay value.

6 Results

We have simulated a DS/CDMA system with processing gain G = 31. The accessing signature sequence is chosen to be an M-sequence, i.e. when Δ = T_c, the correlation between all circularly shifted effective signature sequences are Γ_{i,j} = −1/31, i ≠ j. The access arrivals to the system are generated from a Poisson random variable with mean λ and users which cannot access the system are immediately cleared, i.e. we did not include any retry rule. The received power of each user is assumed to be a log-normal random variable with standard deviation 4dB. The background noise power σ^2 is unity (0dB). Each active user has a propagation delay that is uniform between 0 and 5 chips. We have constructed first stage receivers with 1 and 1/2 chip resolution intervals, i.e. Δ = T_c and Δ = T_c/2. For Δ = T_c, the first stage has 6 filters matched to the basic signature sequence circularly shifted by the 6 possible delay values (0, T_c, ..., 5T_c) followed by the decorrelator. For Δ = T_c/2, the first stage has 11 filters matching the possible delay values (0, T_c/2, T_c, ..., 5T_c) followed by the decorrelator. We have used L = 20 bits of preamble for the first stage. In all experiments, we have set the thresholds for the decorrelator outputs of the first stage such that the false alarm rate of each test is α_F = 0.01. The second stage receivers constructed for our experiments are one-shot asynchronous decorrelators and asynchronous matched filters.

We have performed two sets of experiments. First, we simulated the two-stage access receiver assuming a perfect tracking algorithm is inserted before the second stage. That is if an activity detection is made at a delay value by the first stage, a “genie” (the perfect tracking algorithm) would tell the second stage the exact delay values of all active users that are around that delay value. Thus, the second stage asynchronous detectors are designed with this perfect timing knowledge. The performance of this system is a useful upper bound for any two-stage multiuser access detector with a tracking algorithm that may be implemented before decoding the identification information of the active users (the second stage). Second, we have considered a system where no tracking algorithm is employed. That is, if activity is detected at a delay value, the second stage asynchronous detectors would use that delay value to design the receivers (one-shot decorrelators or matched filters) to detect the identification information of the possible active users.

Figure 5 shows the comparison between the system with the perfect tracking algorithm and the system with no tracking algorithm when the average received power of each user is 15dB. As expected, when active users’ delays are estimated perfectly, the one-shot decorrelator outperforms the matched filter in average number of users that can gain access to the system, i.e. the multiuser access capacity. In the absence of a tracking algorithm, the second stage receivers suffer from the mismatches between the discrete delay values the first stage supplies and the actual delay values of the active users. We observe that the mismatched one-shot decorrelators do take a great performance hit consistent with the reported sensitivity of the decorrelator to timing errors [12]. In fact, if the users’ average received powers are reduced to 1/3 (10dB), we see that having a matched filter may yield to slightly better multiuser access capacity (Figure 6).

Figure 7 shows the performance gain to be had by halving the resolution interval in the first stage to Δ = T_c/2. In this case, the range of timing mismatches are reduced by half and the one-shot decorrelator performance is hurt less. As expected, the performance of the one-shot decorrelator gets better than that of the matched filter as the system load gets heavier, i.e. as the interference level to each user’s transmission gets higher.

7 Concluding Remarks

This paper examines a packet switching CDMA system where users access the system through a common signature sequence and need to establish connections to send information. Access detection is achieved by a two-stage receiver. The first stage is a simple multiuser access receiver that uses the preambles to detect the presence of the active users. The receiver constructed to serve this purpose is a linear decorrelator and can eliminate interference due to other accessing users whose propagation delays are sufficiently separated from that of the desired user. The receiver uses a set of decision statistics to detect activity around a set of delay values and supplies its findings to the second stage receiver which will decode the identification information of the active users.

Our experiments showed that the absence of a fine tracking algorithm in the second stage limits the multiuser access capacity of the system. This is due to the sensitivity of the bit detectors used in the second stage to the difference between the exact delays of the active users and the coarse delay estimates supplied by the first stage, i.e. the timing mismatches. In this case, there is not much capacity gain to be had by constructing an asynchronous decorrelator over a matched filter for the second stage.

From Figures 5 and 6, we observe that the no tracking assumption results in a packet CDMA system with very low capacity. That is, with a processing gain of 31, the system would support at most two simultaneous active users. In addition to reducing the first stage delay resolution interval Δ, there may be a number of ways to increase capacity. Two possibilities include developing a frame structure with more than one access period before data transmission, and using the vector y in Equation 16 to estimate the fractional timing offsets α_k. Nevertheless, our observations lead us to believe that the access process can be capacity limiting for a packet switching CDMA system. This is in contrast to earlier literature where capacity of random access CDMA is characterized ignoring the effects of user acquisition.

References

[1] Code division multiple access networks - IV. IEEE Journal on Selected Areas in Communications, 14(9), December 1996.

[2] A. Polydoros and C. L. Weber. A unified approach to serial search spread-spectrum code acquisition - part 1:

Figure 1: Multiaccess Model for the packet switched CDMA system

General theory. IEEE Transactions on Communications, COM-32(5):542–549, May 1984.

[3] U. Madhow and M. B. Pursley. Acquisition in directsequence spread-spectrum communication networks: An asymptotic analysis. IEEE Transactions on Information Theory, 39(3):903–912, May 1993.

[4] S. E. Bensley and B. Aazhang. Maximum likelihood estimation of a single user’s delay for code division multiple access communication systems. In CISS 94’, 1994.

[5] S. Y. Miller and S. C. Schwartz. Parameter estimation for asynchronous multiuser communication. In CISS 89’, 1989.

[6] L. Mailaender and R. A. Iltis. Multiuser code acquisition using parallel decorrelators. In CISS 94’, 1994.

[7] S. E. Bensley and B. Aazhang. Subspace-based channel estimation for code division multiple access communication systems. IEEE Transactions on Communications, 44(8):1009–1020, August 1996.

[8] E. G. Strom, S. Parkvall, S. L. Miller, and B. E. Ottersen.

Propagation delay estimation in asynchronous directsequence code-division multiple access systems. IEEE Transactions on Communications, 44(1):84–93, January 1996.

[9] K. W. Halford and M. Brandt-Pearce. New-user identification in a CDMA system. IEEE Transactions on Communications, 46(1):144–155, January 1998.

[10] S. Verdú. Computational complexity of multiuser detection. Algorithmica, 4(4):303–312, 1989.

[11] R. Lupas and S. Verdú. Linear multiuser detectors for synchronous code-division multiple-access channels. IEEE Transactions on Information Theory, 35(1):123– 136, January 1989.

[12] E. G. Strom, S. Parkvall, S. L. Miller, and B. E. Ottersen.

Sensitivity analysis of near-far resistant DS-CDMA receivers to propagation delay estimation errors. In VTC 94’, pages 757–761, 1994.

Figure 2: Communication Model for the packet switched CDMA system

Figure 3: Two-stage detector for the packet switched CDMA system. MUAD: Multiuser Access Detector, AMUD: Asynchronous Multiuser Detector, u(.) is the step function (u(t) = 1, t > 0)

Figure 4: Observation of the access preamble by the multiuser access receiver

Figure 5: Perfect Tracking (PT) and No Tracking (NT), average received power for each user = 15dB

Figure 6: Perfect Tracking (PT) and No Tracking (NT), average received power for each user = 10dB

Figure 7: 1-chip resolution versus 1/2-chip resolution, average received power for each user = 15dB