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Introduction
Tone-Phase-Shift Keying (TPSK) [1] was proposed as a modulation scheme for the uplink transmission of narrow band OFDMA (NB-OFDMA) [2], for it has a constant envelope and allows the use of efficient power amplifiers (PAs). The signal envelope of TPSK, however, may no longer be constant if transmit filtering is required to meet a tight power spectral density mask.
In this document, it is shown that through simple windowing and filtering TPSK can meet GSM PSD mask for 33 dBm transmit power [3] with large margin and still keep essentially 0 dB PAPR.
Transmit Windowing & Filtering
Transmit filtering/pulse shaping, often used to limit out-of-band power spectrum density of OFDMA signals, can cause signal magnitude variation at TPSK modulated OFDMA symbol boundaries where phase discontinuity exists. To maintain small PAPR and hence higher PA efficiency, it is crucial to control magnitude growth so that the PAs can work at full capacity (e.g., no backoff) for the most of the time. 
To control magnitude growth after filtering, some windowing techniques can be used. Below, a transmitter architecture is considered as depicted in Figure 1. Compared with a typical OFDMA transmitter, a windowing/overlap block is inserted after the IFFT block. Note that the transmitter shown in Figure 1 is considered as an example only and other implementation architectures exist.



Figure 1. An example transmitter for TPSK.

The length of the symmetric windowing function is N+Lcp+2, with N=128 as the length of FFT and Lcp=8 as the length of cyclic prefix (CP). The IFFT output is cyclically extended to N+CP+2 samples with Lcp samples at the beginning and 2 samples at the end. After applying the windowing to the extended IFFT outputs, two consecutive symbols are overlapped by 2 samples and summed so that the CP overhead remains to be Lcp. The windowing and overlapping process is depicted in Figure 2.  


Figure 2 Windowing and Overlapping.

After windowing and overlapping, the signal is upsampled and filtered. For demonstration purpose, the signal is 16x upsampled with multiple stages of upsampling and filtering. At each stage, the signal is upsampled by 2 with 0s inserted followed by a lowpass filter whose impulse response and frequency response are given in Figures 3 and 4, respectively.
[image: ]
Figure 3 IR of the anti-aliasing filter.
[image: ]
Figure 4 Frequency response of the anti-aliasing filter.

Several symbol durations of the output of the upsampling and filtering stage is given in Figure 5 and a zoom region of CP part is given in Figure 6. From the figures, it can be seen that the magnitude growth is about 0.1 dB and the magnitude variation is limited within less than 100 samples (about 6 samples at original sampling rate).

[image: ]
Figure 5 Output of upsampling and filtering.
[image: ]
Figure 6 CP region of output of upsampling and filtering.

The small magnitude growth enables the PAs to work at saturation when signal magnitude reaches the mean signal magnitude with negligible effect on the signal PSD. The signal at the output of a PA with saturation point set at mean amplitude is given in Figure 6. Such a signal has constant magnitude for the most of the time and smaller magnitude only at symbol boundaries. The known period of smaller magnitude is a desirable property for PA design: it simplifies or completely removes the envelope detector/tracker that is often required in the PAs for polar transmitters such as the ones for EDGE [4] and Doherty PAs.

[image: ]
Figure 7 Signal after PA saturation.

Power Spectral Density
Assuming the leftmost tones allocated without hopping, the power spectral densities of (4,4)-TPSK and (8,8)-TPSK signals are shown in Figures 8 and 9 respectively. In both cases, the PSD of filtered signal and the PSD of saturated signal match quite well, indicating that PA saturation has negligible effects on signal PSD. With filtering and PA saturation, both (4,4)-TPSK and (8,8)-TPSK meet the PSD mask of GSM at 33 dBm transmit power with comfortable margins.
Above transmit windowing and filtering technique also applies to single-tone MPSK including BPSK and QPSK to ensure essentially 0 dB PAPR and satisfactory PSD. The out-of-band region (greater than 100 kHz away from the carrier) of a single-tone MPSK modulated signal will be similar to that of (4,4)-TPSK.
[image: ]
Figure 8 PSD of (4,4)-TPSK.
[bookmark: _GoBack]
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Figure 9 PSD of (8,8)-TPSK.

Leakage
Transmit filtering reduces receive timing margin since FFT window at the receiver needs to cover channel delay spreads including transmit filtering and uplink timing errors. In addition, PA saturation can disrupt orthogonality between subcarriers although its effect is expected to be small due to relatively small change in signals.
Adjacent channel interference due to different window timing and PA saturation can be measured by tone leakage, i.e., the power seen at other tones relative to the power in allocated tones at the receiver. In Figure 10, the powers at the receiver FFT outputs of saturated (8,8)-TPSK signal are provided with different FFT window timings relative to the timing of the first data sample. From figure 3, the delay spread of the transmit filter is expected to be about 3, which is confirmed in Figure 10. With CP length 8, the leakage is less than -60 dB when the FFT window starts 5 samples earlier. Reducing the FFT window advance to 4 samples, the leakage is reduced by more than 10 dB. As expected, a delay in FFT window will have more significant impact: the maximal leakage becomes about -40 dB if the FFT window is delayed by 1 sample. If leakage is to be controlled within -40 db and smaller, the timing margin remains for uplink timing error and channel delay spread is 6 samples (18.75 s at sampling rate 320 kHz), which is sufficient for the channels of concern. It is also apparent that PA saturation has negligible impact on signal orthogonality.
[image: ]
Figure 10 Tone leakage due to FFT window timing and PA saturation.

Summary
An example transmit scheme is demonstrated for controlling PSD and PAPR of TPSK signals. It is shown that with simple windowing and filtering TPSK signals can meet GSM out-of-band PSD mask at 33 dBm transmit power and still maintain essentially 0 dB PAPR.  Furthermore, it is shown that the proposed CP length of 8 samples for NB-OFDMA is sufficient to accommodate the required transmit filtering and expected channel delay spreads.    
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