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Abstract                          

An interference immunity of two modulation schemes of moderate Bandwidth Efficiencies (BE = 0.25b/s/Hz, 0.5b/s/Hz) is examined. The first scheme is based on the concept of DS-SS communication (namely DS-SS 16QAM, BE = 0.25b/s/Hz), the second one on the concept of coded QPSK (CCK modulations, BE = 0.25, 0.5 b/s/Hz). Different types of interference (broadband Gaussian, Constant Waveform (CW), multipath, co-channel) are considered. It is observed that broadband Gaussian noise performance is much better for CCK modulations. It is shown that CW jammer margin is slightly higher for CCK modulations compared to DS-SS 16QAM for the most positions of CW jammer. On the other hand, it is demonstrated that DS-SS 16QAM has preserved such advantages of DS-SS systems as multipath interference suppression or Rake receiver possibility; whereas CCK modulation requires some equalization technique to combat with multipath. It is further shown that in the presence of strong co-channel interference AWGN performance of DS-SS 16QAM is better, but for weak co-channel interference CCK is preferable. 

Introduction

In recent years, there has been considerable interest in SS communication systems. This interest is greatly motivated by high interference immunity of SS systems. This advantage is achieved by significant reduction of the Bandwidth Efficiency (BE) of an individual SS system. (Here we should make a remark that, as it is well known, the joint, more or less coordinated employment of SS systems (SSMA or CDMA) may result in high spectral efficiency of an overall system [2].)

 The present paper is devoted to interference immunity analysis of communication systems which Bandwidth Efficiencies (BE = 0.25, 0.5 b/s/Hz) are higher than ones of classical DS-SS systems. The following questions arise: How one will define DS-SS systems with such relatively high BE? Shall DS-SS systems of moderate BE (say, 0.2 – 0.5 b/s/Hz) be better than corresponding conventional narrow-band systems (of the same BE)? How the performance of considered systems depends on different types of interference?

To clear up the mentioned problems we shall compare from the interference immunity point of view two modulation schemes: CCK (Complementary Code Keying), recommended for the high rate extension of IEEE 802.11 standard [3]  and 16QAM which bandwidth is spread by means of Barker PNS of period 11 (hereinafter referred to as DS-SS 16QAM). Note that basic modes in IEEE 802.11 operate with DS-SS BPSK or DS-QPSK modulations using Barker PNS on length 11 to provide 1Mb/s (BE = 0.045b/s/hz) or 2Mb/s (BE = 0.09). CCK modulation is suggested in IEEE802.11b for data rates 5.5 and 11 Mb/s providing BE = 0.25, 0.5 b/s/Hz, correspondingly. CCK, in fact, is coded QPSK system with bi-orthogonal (8, 2) quaternary code for 5.5 Mb/s mode and with (8, 4) quaternary code (with similar coding gain of about 2dB as the previous one) for 11 Mb/s mode.

 The competitive DS-SS 16QAM spreads bandwidth of conventional 16QAM 11 tames. Then, depending on pulse shaping, the theoretical BE of this DS-SS system lies in the region 0.18 – 0.36 b/s/Hz. Particularly we shall consider the raised cosine pulse with rolloff parameter 0.45 providing BE = 0.25 b/s/Hz (for CCK a rectangular baseband waveform is assumed). 

Although, we have already call the competitive system a direct sequence spread spectrum system some overview on definitions of spread spectrum systems is needed to justify our choice. Often the definition of DS SS systems is related to notions of Processing Gain or spreading factor. For this approach DS-SS systems should have PG >> 1 (to be specific PG > 10). Unfortunately, there is no universally accepted definition of PG. Widely used definitions of SS communications refer to expansion of the bandwidth well beyond what is required to transmit digital data [7,8]. For ordinary DS-SS BPSK or QPSK systems this bandwidth expansion is achieved by shifting the phase of the carrier pseudo-randomly at a rate much higher than the data symbol rate. In our case the data is 16QAM and during each data symbol time the carrier is shifted by 180 degree 11 times according to Barker sequence. Thus the spreading factor or PG can be defined as in classical ordinary case:

PG1 = W/Wo = 11 (10.4dB),                                                                               (1)

where W is the actual bandwidth occupied by our DS-SS 16QAM, and Wo is the bandwidth needed to transmit 16QAM data (without spreading).

Many textbooks [1,4] call PG the ratio of the system bandwidth to the system data rate:

PG1 = W/R ,                                                                                            (2) 

This definition of PG directly reflects the immunity of communication system against broadband Gaussian Noise of constant power, as it follows from

          S/J  = (Eb/Nj) * (R/W) ,                                                                             (3)

Where S/J is Signal to Jammer (broadband Gaussian noise in our case), Eb is the energy per transmitted bit and Nj is a single sided noise power spectral density. Moreover, this is true for other types of constant power interference as well, if some randomization procedure such us long period PNS in DS-SS systems is used [1,p.148]. Nevertheless, for short period (like 11 chips) PNS (without chip level scrambling or other randomizing features) the different types of constant power interference may (and will as our results show) exhibit different behavior. 


USA FCC defines PG (in one of its two tests) through the measurement of communication system performance in the presence of CW jammer [6]:

PG(FCC) =(So/No) [dB] – (S/J) [dB] ,                                                                (4)

where So/No and S/J are the signal to noise power ratios at the receiver output and input, correspondingly, providing BER = 10^-6. Note that S/J is the measured signal to CW jammer power ratio for the remaining worst jammer frequency position after discarding the worst 20% of jammer positions. The assumption that CW jammer performance is similar to the broadband Gaussian noise performance (which is not necessarily through as we mentioned) allows to rewrite (4) as (using (3)) 

PG(FCC) = (Eb/Nj)*(R/Wo)[dB] – (Eb/Nj)*(R/W)[dB].                                  (5)

Or    

 
PG(FCC) = PG1 = (W/Wo) [dB],                                                                      (6)

where Wo is the equivalent bandwidth at the receiver output. In simple spreading systems this is the bandwidth of the filter after despreader (like in (1)). In more sophisticated systems (with more than one matched filters) the equivalent bandwidth can be defined as the minimal bandwidth required for a given transmission system (mathematically precise definition of this issue is given by Massey [5]). In its essence the last definition of PG (6) is similar to the notion of energy gain in [1]. We should emphasize that more important (than a definition) issue is the actual interference immunity of systems of our interest. We shall consider this matter in the next section.  

Main Results and Observations

We have examined the following types of interference: a) broadband Gaussian, b) Constant Waveform (CW), c) multipath, d) co-channel. The measure of performance in our analysis is signal to interference (jammer) ratio (S/J) required for chosen BER or error free communication. We mainly consider idealized conditions, which means no performance losses are assumed except ones caused by specific type of interference. To take into account the joint influence of specific jammer type and AWGN some simulation results will be included as well. Optimal (for AWGN) receivers are employed.

a) Broadband Gaussian Noise

The performance of this type of interference is easily predicted from Eb/No performance of the corresponding communication system as we mentioned above (see (2)). For BER=10^-6  Eb/No = 8.5dB (approximately) for both CCK modulations 5.5Mb/s, 11Mb/s ( BE = 0.25, 0.5 b/s/Hz) and Eb/No = 14.5dB for 5.5Mb/s DS-SS 16QAM(BE=0.25). Hence S/J = 2.5dB for CCK(BE=0.25), S/J = 5.5dB for CCK(BE=0.5), and S/J = 8.5dB for DS-SS 16QAM(BE=0.25) providing 10^-6 BER.

 Once more: From these results we can not predict the performance of systems for other types of constant power interference since we assume no randomization procedure to make a Gaussian approximation valid.

b) CW jammer

 For considered communication systems the minimal S/J ratios required for error free communication are obtained as a function of CW jammer position. The results are depicted in Fig.1. 

For CCK modulation the analysis is performed by using the frequency responses of all matched filters, by using derivative techniques to obtain worst phases of CW jammer, and by selecting the worst pair of MF outputs at the input of the decision device. For DS-SS 16QAM the results are obtained taking into account the Barker PNS and root raised cosine filter frequency responses. 
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        Fig.1 Signal to CW Jammer power ratio versus Jammer position

After discarding the 20% of worst jammer positions for each modulation type we get the following results for CW jamming margins (Jm):

Jm = 1.7 dB for CCK(BE=0.25), Jm = 0.5 dB for CCK(BE=0.5), Jm = 0.2 dB for DS-SS(BE=0.25).

These values are expected to be obtained by measurements of jamming margin according to FCC test on processing gain (assuming that there is no implementation losses and receiver operates well beyond receiver sensitivity threshold to provide BER =10^-6). 
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                        Fig.2 Signal to Multipath Interference ratio required for error free com.

c) Multipath Interference

We consider two ray maltipath (frequency selective fading) in the equivalent baseband complex model of communication system. The second ray signal is a delayed (and multiplied by some complex factor) version of the firs ray signal. The first ray is a signal of power S and second ray is a signal of power J. The receiver is synchronized with the first ray. The “eye clearance” condition, expressed as minimal S/J ratio for error free communication, is obtained for each time delay and the worst phase of the second ray. Results for all three considered systems are presented in Fig.2 for first 22 DS-SS chip times. To get the curves for longer chip times one should periodically repeat the picture from 11 to 22 chip times. One of the main advantages of DS-SS systems is their ability to suppress the multipath interference or, even better, to collect multipath energy (Rake receiver). As it is seen from Fig.2 DS-SS 16QAM possesses this advantage.
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                                      Fig.3 Co-channel isolation for BER = 10^-4 

d) Co-channel Interference 

Note that two ray multipath model described in the previous subsection can be used for co-channel interference as well. The second ray signal can be viewed as co-channel interference if considered for delays more than data symbol time. For DS-SS systems all delays are equivalent except the symbol time (11chip) delay. In our investigation of co-channel interference (performed by computer simulations) we assumed that among network users some course synchronization is provided to avoid this bad delay. The results of computer simulation for CCK and DS-SS (both with BE=0.25b/s/Hz) are depicted in Fig.3. Both AWGN and co-channel interference are present. The Eb/No (No is a spectral density of AWGN) values and the signal to co-channel interference power ratio (S/J) are chosen during simulation to provide BER = 10^-4. The simulation results show that for week co-channel interference the CCK modulation scheme is preferable, while for strong co-channel interference the DS-SS 16QAM is better.  

Conclusion

We have examined interference immunity of two modulation schemes of moderate bandwidth efficiencies (0.25b/s/Hz, 0.5/s/Hz). One scheme uses the concept of DS-SS communication (namely DS-SS 16QAM, BE =0.25b/s/Hz), the second one uses the concept of coded QPSK (CCK modulations, BE=0.25, 0.5b/s/Hz). Not surprisingly, we observed that AWGN and related Gaussian type interference performance is much better for CCK modulations. Other types of interference required special analysis since there were no randomization procedures to make Gaussian approximation valid. We observed that CW jammer performance was better on 1.5dB for CCK (BE=0.25) and slightly better on 0.3dB for CCK(BE=0.5) compared to DS-SS 16QAM for most jammer positions. This performance difference will increase in the presence of AWGN. On the other hand, it is demonstrated that DS-SS 16QAM has preserved the advantages of DS-SS systems such as multipath interference suppression or Rake receiver possibility, whereas CCK modulation will require some equalization technique to combat with multipath. The simulation results show that for week co-channel interference the CCK modulation scheme is preferable, while for strong co-channel interference the DS-SS 16QAM is better.  


Future work will include the investigation of flat Rayleigh fading, joint consideration of different types of interference.  


Note, that we intentionally avoid the comparison of CCK modulation with BE = 0.5b/s/Hz to the corresponding DS-SS 256QAM (BE = 0.5b/s/Hz) since the last one has very poor performance in all scenarios. 
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