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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref434315780]This contribution demonstrates the performance of the FDMA uplink using GMSK modulation (class-1), as described in section 7.3.3 of [1]. 
The performance is measured in terms of block error rate (BLER) and is evaluated for modulation and coding scheme’s (MCS) which approximately correspond to 144dB, 154dB and 164dB maximum coupling loss (MCL).
Operation in high mobility is confirmed by evaluating the performance at 100Hz Doppler for the MCS corresponding to MCL’s of 154dB and 164dB. In addition, a long delay spread channel is used to demonstrate the good performance of the single tap equalizer, even for the high rate 30 kHz sub-channel bonding option.

Receiver architecture
Due to the flat channel fading in a narrow bandwidth, complex equalizers are not required to receive GMSK (unlike for GSM). Instead, a single tap equalizer can be applied in the same way as for a narrowband PSK/QAM signal such as an OFDM subcarrier. The receiver chain can be described as follows:
1. Apply a filter matched to the principle component of the Laurent decomposition of the GMSK signal. Since the matched filter response is not Nyquist, there is some inter-symbol interference.
2. Remove a π/2 phase rotation from the signal.
3. Approximate the matched response as the filter [j/2 1 –j/2]. In ideal conditions, this approximation results in the inter-symbol interference existing solely on the imaginary axis and the data solely on the real axis, as shown in Figure 1.
4. Perform single tap equalization on the signal, either by correcting for the estimated phase in the case of no repetitions or by multiplying by the complex conjugate of the channel estimate for maximal ratio combining over repetitions.
5. Take the real part of the signal and use this as soft information for the Turbo decoder.
The proposed method results in only a small reduction in AWGN performance compared with BPSK due to the reduced Hamming distance between constellation points. For Turbo decoding, this drop is of the order of 0.15 dB = 10log10(0.965), where 0.965 is the mean of the absolute value of the real part of the signal.
Figure 1 shows the ideal constellation derived from step (3) of the receiver processing chain described above. The real axis corresponds to the data symbols, while the imaginary axis corresponds to the inter-symbol interference due to the non-Nyquist Gaussian pulse shaping. The larger offsets on the imaginary axis are a result of inter-symbol interference from first-adjacent symbols, while the smaller offsets within each cluster are a result of the second-adjacent symbols. It can be seen that this constellation can be readily decoded in a similar manner to a BPSK constellation.  
[image: ]
[bookmark: _Ref430794499]Figure 1: Ideal constellation derived from narrowband GMSK using Laurent decomposition
Pilot symbols are inserted into the symbol stream at the transmitter. These pilots allow channel tracking in a very similar way to an OFDMA system. The exact construction of the pilot groups is described in section 7.3.3 of [1]. The channel is estimated from these pilots by
1. Collecting the corrected pilot symbols (received sample multiplied by conjugated pilot symbol) over a burst
2. Estimating the common frequency error and bandwidth of the corrected pilot symbols, which allows the Doppler to be estimated. 
3. From this Doppler estimate, a low pass filter of appropriate bandwidth is used to smooth the corrected pilot symbols and subsequently interpolated to the symbol rate. 
4. This result is the channel response for each symbol and maximal ratio combining is used for optimum diversity combining between two antennas. 
[bookmark: _Ref129681832]Simulation Assumptions
A payload of length 105 bytes is used for all simulations.
The following table lists the channel simulation assumptions

	Parameter
	Value
	Comments

	Channel model
	TU 1Hz, TU 25Hz, TU 100Hz
	Note that HTx (hilly terrain) is also used in Section 5 to demonstrate the single tap equaliser performance for higher symbol rates, even with very long delay spreads

	Timing error
	±1/8 symbol
	Randomly chosen from two values with equal probability: +1/8 symbol and -1/8 symbol.

	Frequency error
	±45 Hz.
	

	Frequency drift
	±22.5 Hz/s.
	




FDMA uplink performance with the TUx channel
Figure 2 shows the BER curves for GMSK and BPSK using rate 1/3 Turbo encoding for an AWGN channel. The low complexity GMSK receiver algorithm is used, as described in section 2. Channel estimation is ideal for both GMSK and BPSK (i.e. the channel is known to be AWGN with zero frequency error).
It can be seen that the performance loss for GMSK compared with BPSK is only about 0.15 dB. However, the use of GMSK has substantial advantages compared with BPSK for ultra-low cost devices due to its constant envelope (i.e. zero PAPR) property which allows the use of fully saturated power amplifiers.
[image: ]
[bookmark: _Ref430795122]Figure 2: Comparison of BER performance for GMSK and BPSK with rate 1/3 Turbo coding
Figure 3, Figure 4 and Figure 5 show the GMSK BLER versus SNR performance for three configurations of repetitions, bonding and code rate in the TU channel. These configurations correspond approximately to coupling losses of 164 dB, 154 dB and 144 dB, respectively. The SNR is measured in the sub-channel bandwidth, which is 3.75 kHz for Figure 3, 7.5 kHz for Figure 4 and 30 kHz for Figure 5 due to the sub-channel bonding factors that have been selected for these coupling loss configurations. The low complexity GMSK receiver algorithm is used, as described in section 2, including channel estimation and tracking.
For the 164 dB and 154 dB coupling loss cases, the packets are quite long in duration which means that there is substantial time diversity. This is the reason that the TU 1Hz and TU 25 Hz channels provide very similar performance at 10% BLER. In contrast, for the 144 dB coupling loss case, the packet is much shorter than the coherence time of the TU 1Hz channel, and therefore the TU 25Hz channel provides significantly better performance. 
The high mobility channel (100Hz) provides significant channel diversity; however the pilot frequency results in less coherent averaging in the channel estimation. Therefore, for the 144dB case where the pilot frequency is 2 kHz (every 15 symbols) and the performance is better than the 25Hz case. However, for the 154dB case, the pilot frequency is 500Hz and so there is less coherent averaging and the performance is degraded slightly when compared to 25Hz.
For both 144dB and 154dB coupling loss, very high mobility (100Hz Doppler) can be supported. 
Observation #1: The FDMA uplink with GMSK modulation using a single tap equalizer can support a very high mobility scenario (100 Hz Doppler) for coupling loss of up to 154 dB.
Observation #2: The simple single tap GMSK equalizer in a TU 100 Hz channel was shown to result in better receiver sensitivity for MCL of 154dB compared with the TU 1Hz channel.

[bookmark: _GoBack][image: ]
[bookmark: _Ref434435882]Figure 3 : BLER for GMSK using a 30 kHz symbol rate, rate 2/3 Turbo for TU 1Hz, 25Hz and 100 Hz 
(~144 dB MCL)
[image: ]
[bookmark: _Ref434435911]Figure 4 : BLER for GMSK using a 7.5 kHz symbol rate, rate 2/3 Turbo for TU 1Hz, 25Hz and 100 Hz 
(~154 dB MCL)
[image: ]
[bookmark: _Ref434483041]Figure 5 : BLER for GMSK using a 3.75 kHz symbol rate, rate 1/3 Turbo for TU 1Hz and 25Hz 
(~164 dB MCL)

FDMA uplink performance with the HTx channel
For longer delay spread channels, such as the hilly terrain channel (HTx), the coherence bandwidth of the channel may result in a non-flat channel response over the symbol. However, using the single tap equalizer does not result in a noticeable drop in performance.
Figure 6 shows GMSK BLER versus SNR performance for the configuration correspond approximately to coupling losses of 144dB in the HTx channel. The SNR is measured in the sub-channel bandwidth, which is 30 kHz. The low complexity GMSK receiver algorithm is used, as described in section 2, including channel estimation and tracking. Despite the longer delay spread of the channel, and subsequent reduction in coherence bandwidth, there is no noticeable performance loss when compared to the TU channel. This is due to the spectral shape of the GMSK signal which contains a significant portion of energy within the bandwidth which is half the symbol rate (i.e. 30/2 = 15kHz), which is the same as a LTE sub-carrier spacing.
Observation #3: The simple single tap equalizer can be used for high delay spread (HT) channels, with no drop in performance compared to TU channels. This is due to the spectral shape of the GMSK signal, which has the majority of energy concentrated at the center of the sub-channel.

[image: ]
[bookmark: _Ref434436326]Figure 6 : BLER for GMSK using a 30 kHz symbol rate, rate 2/3 Turbo for HTx 1Hz, 25Hz and 100 Hz 
(~144 dB MCL)

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]The performance of FDMA uplink using a simple single tap equalizer was demonstrated. The key observations were as follows:
Observation #1: The FDMA uplink with GMSK modulation using a single tap equalizer can support a very high mobility scenario (100 Hz Doppler) for coupling loss of up to 154 dB.
Observation #2: The simple single tap GMSK equalizer in a TU 100 Hz channel was shown to result in better receiver sensitivity for MCL of 154dB compared with the TU 1Hz channel 
Observation #3: The simple single tap equalizer can be used for high delay spread (HT) channels, with no drop in performance compared to TU channels. This is due to the spectral shape of the GMSK signal, which has the majority of energy concentrated at the center of the sub-channel.
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