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Abstract— The system capacity of speech users in WCDMA system is investigated using a number of different downlink transmit modes. A single antenna sectorized system, a two fixed-beam antenna array, a closed-loop (mode I) and an open-loop space time transmit diversity methods are compared in a dynamic radio network simulator. Frequency selective and flat fading channels are considered. The results show that the diversity gain in flat fading channels is substantial. In frequency selective fading, the benefits of fixed-beam systems are encouraging, whereas the performance of transmit diversity methods (especially the openloop scheme) are rather unsatisfactory.



I. I NTRODUCTION Time varying multi-path fading seriously degrades the quality of the received signals in many wireless communication environments. One method that mitigates the effects of deep fades and provides reliable communications is the introduction of redundancy (diversity) in the transmitted signals. The added redundancy can take place in the temporal or the spatial domain. Temporal diversity is implemented using channel coding and interleaving, while spatial diversity is achieved by transmitting the signals on spatially separated antennas. It is important to highlight, that very few studies [1] have tackled the system aspects of transmit diversity in an accurate fashion. The link to system interface presented in the open literature are typically overly simplified and may lead to invalid conclusions. This paper attempts to give an accurate account on the complex behavior of transmit diversity methods by correctly modelling the inter-cell and the intracell interference, involving instantaneous (”on-the-fly”) SINR calculations [2] using time varying impulse responses in a dynamic system simulator1 . The rest of the paper is organized as follows. In the next two sub-sections transmit diversity and multi-beam antenna systems are introduced. The system setup e.g. antenna models, mobility models, traffic models, propagation environment, receiver structure and simulator parameters are described in Section II. The simulation results are presented in Section III. Finally, some concluding remarks are summarized in Section IV. A. Transmit Diversity in WCDMA Systems WCDMA standard as proposed by the 3GPP, allows the following transmit diversity modes with two transmit antennas: 1 Computing the SINRs on-the-fly, increases the computational complexity of the simulator, since the SINR updates are calculated for a couple of thousand of users on every WCDMA slot period (0.6ms).



Closed loop transmit diversity: The spread and scrambled signal is subject to phase (in Mode I) or phase and amplitude (in Mode II) adjustments prior to transmission on antennas 1 and 2. The weights are determined by the receiver mobile user and transmitted to the base station via the Feedback Information Indicator (FBI). In Mode I transmit diversity, the mobile can instruct the Base-Station (BS) to rotate the phase of the dedicated channels transmitted on the diversity antenna by multiples of 90 degrees. The feedback message is completed in two slots. In Mode II transmit diversity the BS can be instructed by the mobile to rotate the phase of the dedicated channels transmitted on the diversity antenna by a multiple of 45 degrees and in addition, the relative transmit powers between the transmit antennas can take 2 possible values namely 20% on antenna 1 and 80% on antenna 2, or vice versa. The feedback message is completed in 4 slots. For instance, in Mode I transmit diversity, the transmit weights take Q = 4 possible values given by ¸ ¾ · ½ 1 1 : q = 0, . . . , Q − 1 (1) w∈ √ jπ(2q+1)/Q 2 e Open loop transmit diversity: The open loop transmit diversity [3] employs a Space Time block coding Transmit Diversity (STTD). The STTD encoding is applied on blocks of four consecutive channel bits. The mobile does not transmit any feedback information back to the transmitting diversity antennas. Two consecutive symbol periods are required to decode the data. For example, if symbols s1 and s2 are transmitted on antenna 1 at time instance one and two respectively, then according to the STTD scheme the symbols transmitted on the diversity antenna are −s∗2 and s∗1 . B. Multi-Beam Antenna System Adaptive antenna arrays have been used successfully in GSM and TDMA systems [4]. The aim in an adaptive antenna array system is to replace the conventional sector antenna by two or more closely spaced antenna elements. Such strategies have been shown in GSM and TDMA systems to yield an improved performance, in terms of increased system capacity and/or increased coverage [4]. In [5], results show that the performance gain obtained by an advanced antenna system could be substantial compared to an ordinary three sectors system. Broadly speaking, adaptive antenna systems are grouped into two categories: a) fixed-beam systems, where radiated energies are directed to a number of fixed directions, and



b) steerable-beam systems, where the radiated energy is directed towards any desired location. Fixed-beams can be generated in baseband or in Radio Frequency (RF). The former approach requires a calibration unit that estimates and compensates for any signal distortion from baseband up to the output of each and every antenna element in the array. The later method generates the fixedbeams using for an example a Butler matrix [6] and thus does not require uplink or downlink phase coherency.



Value 7 3-sector 21 3000 2 for 2FB, 1 otherwise COST259 1 for flat fading channel & 10 for TU channel



TABLE II S YSTEM PARAMETERS .



A. Propagation Environment



C. Objectives The aim of this paper is to compare the 2 fixed-beam (2FB) antenna system with a single antenna sectorized (SA) system, space time transmit diversity (STTD) and closed loop mode I (CL1) transmit diversity. The 2 fixed-beam system is chosen for comparison, since it has a similar Radio Base-Station (RBS) complexity as the TX diversity methods. The various downlink transmit schemes investigated here offer spatial diversity, antenna array gain or both as illustrated in Table I. It is generally believed - and demonstrated using TX Mode 2 Fixed-Beam STTD Closed Loop Mode I



System parameter Number of sites Site type Number of cells Site to site distance [m] Number of beams/sector Channel model Number of RAKE fingers



Spatial Diversity Gain × X X



Antenna Array Gain X × X



TABLE I S PATIAL AND ANTENNA ARRAY GAINS POSSIBILITIES OF THE VARIOUS INVESTIGATED SCHEMES .



link level simulations [7] - that transmit diversity yields significantly much higher gains than a single antenna system. Consequently, one would expect to see the performance of the various schemes to be ordered from best to worst as follows: 1) CL1, 2) STTD, 3) 2FB, and 4) SA. Thus, the purpose of this study is to confirm whether or not the Signal to Noise Ratio (SNR) gains on the link level directly translate into a system throughput gain. It is important to note that Closed Loop Mode II (CL2) transmit diversity is not supported in future releases (e.g. Release 5) of the WCDMA standard. Furthermore, it has been demonstrated that the performance of CL2 is similar to CL1 in low Doppler frequencies and degrades substantially for higher Doppler frequencies [8]. For these reasons, CL2 will not be considered here.



II. S YSTEM S ETUP A system level simulator is used to evaluate the performance of the various downlink transmit schemes. The simulated area consists of 7 sites and each site comprises of 3 cells. The site-to-site distance is 3 km, i.e. the cell radius is 1 km. Important system parameters are summarized in Table II. The deployment model of the simulator is a homogeneous hexagon cell pattern with wrap-around to eliminate border effects.



The propagation model used is the COST 259 channel model [9]. The COST 259 is a position dependent spatial/temporal radio propagation model that includes the effect of fast and slow fading. Note that the elevation dimension is not considered in the propagation model (e.g. antenna elevation). Two channel models were investigated: 1) the frequency selective Typical Urban (TU) macro-cell and, 2) a modified version that was characterized by a single tap, i. e. flat fading channel. B. Receiver Structure Each mobile is assumed to have a single receive antenna. Furthermore, perfect channel estimation is assumed in the terminals. The terminals employ a conventional Maximum Ratio Combining (MRC) receiver i.e. a RAKE receiver with 10 and 1 fingers for the TU and the single tap channel model, respectively. Power Control (PC) is also implemented and consists of the inner loop and the outer loop [10]. The inner loop power control and the fast fading act on the slot level. The inner loop PC assumes ideal Signal to Interference plus Noise Ratio (SINR) estimation (i.e. no measurement error is considered). After the slot loop, the instantaneous SINR are averaged and mapped to a BLock Error Probability (BLEP). Each block is then classified as erroneous or not, which gives the block error rate (BLER) estimates. The BLER estimates are used by the outer loop algorithm in order to decide if the SINR target should be increased or decreased. C. On-the-fly SINR Calculations The SINR is calculated for each user on a slot by slot basis. The SINRs are computed ”on-the-fly”, which means that the instantaneous (COST259 position dependent) channel impulse responses are taken into account to correctly model the intracell interference. As shown in [2], [11], the SINR is a function of the orthogonality factor. The expected SINR for the mth user after despreading is modelled as follows SINRm =



Nm Gm Pm αm Gm Po + Im + No



(2)



where Nm , Gm , Pm and N0 denote the spreading factor, the path gain, the transmitted power to the mth user, and the thermal noise respectively. Po is the total base station power allocated to signals using the same scrambling code



BLER [%] 1.5



as m. Im is the interference from the non-orthogonal signals originating from the own- and other-cells. Finally αm is the downlink orthogonality factor, which represents the fraction of the wide band received power of the orthogonal signals causing interference to user m. D. Antenna Models In the simulations studies, it is assumed that antenna 1 and 2 are separated by a distance of 20λ and have identical antenna element patterns. The same antenna pattern is assumed for the SA system. The antenna gain of SA, which is based on real measurements, is shown in Figure 1 marked with the plus sign and thick line. The fixed beam system investigated here 25 Beam 1 Beam 2 SA 20
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Single antenna and two fixed beams antenna patterns.



is implemented using a Butler matrix forming two orthogonal beams. The two fixed-beams used in this study are also shown in Figure 1 (two antenna elements separated by λ/2 is assumed). Finally, it should be noted that the beam selection in the downlink is based on the uplink information i.e. the beam with highest uplink received power is selected for transmission in the downlink.



Block [%] 5



Drop[%] 1



TABLE III ACCEPTED QUALITY FOR SPEECH SERVICE .



III. R ESULTS A. Flat fading channel When the channel is frequency non-selective and one scrambling code is used per cell, then the multiple access interference originating from the same cell (intra-cell interference) is a small fraction of the total cell carrier signal2 . In this case, the interference mostly originates from adjacent cells. From Figure 2(a), we note that the dropping rate is acceptable for all transmit modes. Thus, the system performance is determined by the blocking rate (Figure 2(b)) and the mean BLEP (Figure 2(c)). Given the acceptable QoS threshold levels set in Table III, it can be concluded that the transmit diversity methods outperform the sector and the fixed-beam system. This is not surprising since in a flat fading channel the diversity schemes will protect the data against fading by duplicating and transmitting the same (or similar in the STTD case) information from an alternative antenna. The likelihood that a deep fade occurs simultaneously from both antennas is significantly reduced compared to the SA system. Comparing the 2 fixed-beam with the sector antenna case, it can be observed that the capacity almost doubles as one would expect. On the other hand, comparing CL1 with STTD, it can be noticed that there is a gain of approximately 50% in utilizing the feedback information from the mobiles. This gain is expected to reduce and possibly turn into a loss for high velocity mobiles. Table IV summarizes the relative performance of the various downlink transmit schemes in flat fading channels. TX Mode Single Antenna 2 Fixed-Beam STTD Closed Loop Mode I



Relative Gain 1.00 1.81 2.57 3.79



TABLE IV S YSTEM THROUGHPUT FOR SPEECH SERVICE IN FLAT FADING CHANNELS .



E. Mobility & Traffic Models The mobile users are uniformly distributed in the cells. The average user speed is 3 km/h with small variations around the mean value. Furthermore, time of arrival is Poisson distributed, and the user session time is exponentially distributed. F. Performance Measure The most obvious choice in assessing the performance of speech service is the blocking and dropping rate for a given desired QoS (Quality of Service). The speech QoS is directly related to the BLER. It is assumed that a BLER of 1.5% offers a satisfactory QoS for speech users. The capacity for speech service is defined as the load in kbps/cell (or served traffic) when the mean BLEP, or the blocking or the dropping have exceeded the thresholds set in Table III.



B. Frequency Selective Channel. Frequency selective channels introduce inter-chip and intersymbol interference, while at the same time provide multipath diversity. The former tends to degrade the link gain since interference is increased, the latter can be exploited by the Rake receiver to combat deep fast fading. The results of speech service for all the studied schemes are shown in Fig. 3 and summarized in Table V. The gains for the speech service were obtained by using the capacity definition presented in Table III. Introducing diversity in a rich scattering environment does not yield the anticipated 2 Only



the synchronization channels would interfere.



TX Mode Single Antenna 2 Fixed-Beam STTD Closed Loop Mode I



Relative Gain 1.00 1.37 1.07 1.11



TABLE V S YSTEM THROUGHPUT IN FREQUENCY SELECTIVE CHANNELS .



present in the Typical Urban radio propagation channel. In such radio environments the system gain of the fixed beam system is satisfactory (approximately 40%). For the 2 fixedbeam system, the relative gain decrease from 80% in flat fading channels to 40% in frequency selective channels, is mainly due to the introduction of additional intra-cell interference originating from the side lobes of the antenna array system. R EFERENCES



gains. In fact, frequency selective channels already contain sufficient diversity (i.e. delay diversity). On the other hand, in the two fixed-beam case, where an additional antenna gain is introduced, the system throughput is boosted by approximately 40%. The relative gain compared to the SA is much lower than the one obtained in a flat fading channel. The cause of this loss is most likely due to the significant increase of the intracell interference originating from the side-lobes of the second beam. C. Comparison to Prior Work on System Level Results for Transmit Diversity From the results presented here, it has been shown that STTD outperforms the 2 fixed-beam case in flat fading channels. This result is in line with [12], where in a single link level analysis (point-to-point), it was shown that in slow fading channels, space-time block codes (i.e. STTD in our study) outperforms beam-forming (i.e. 2 fixed beams in our study). Only for high velocities where sufficient diversity is ensured from forward error control, beam-forming prevails over STTD. System performance of STTD was also presented in [13] which claimed a 30% gain (the channel model used was not specified). In fact, the assumptions made in [13] were somewhat simplified, since the gain was derived from the Eb /N0 improvement in the transmitted link level and the intra-cell interference introduced by the diversity scheme was identical to the intra-cell interference of the single antenna system. In [14], numerical expressions were derived in order to compare beam-forming with open loop transmit diversity. The comparison between these techniques was carried out in high SNR range (around 17dB) which is unrealistic for a WCDMA system where the power control outer target is usually assumed to be around 5dB [10]. Finally, similar conclusions in [15], where the performance of different downlink WCDMA TX schemes for various speech/data services, can be found. IV. C ONCLUSION In flat fading channels, transmit diversity schemes such as Space Time Transmit Diversity (STTD) and Closed Loop Mode I (CL1) offer a substantial system capacity gain compared to a single sectorized antenna system. In fact, CL1 has demonstrated up to 3.8 times downlink system improvement. Although beamforming offers an improved gain of 80% (relative to the single antenna case), it failed to match the promising gains of the diversity methods. In frequency selective fading channels, the additional diversity gain introduced by the transmit diversity schemes is negligible compared to the inherent diversity that is already
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