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1 Introduction
This contribution highlights some issues with the M-PRACH design used in the SC-FDMA uplink in [2], in particular its wide phase modulation bandwidth and its non-zero PAPR.
We show that the 80 kHz M-PRACH signal design in [2] imposes support of a wide phase modulation bandwidth on the UE, thereby making it difficult for the UE to use a low complexity and low cost polar transmitter architecture. In addition, it imposes support for non-zero PAPR which forces the use of an amplitude modulation path even for a baseline UE implementation and also reduces energy efficiency. The bandwidth of the proposed M-PRACH was reduced from 160 kHz [1] to 80 kHz [2], but this signal remains difficult to transmit with a polar modulator.
It is important to note that these characteristics of the M-PRACH waveform also have an impact on the feasibility of integrating a 23 dBm power amplifier onto the SoC. It is very desirable to use a polar modulator in low cost UEs with integrated PA because this is beneficial for minimizing subsequent filtering and also avoids RF pulling of the VCO (a major challenge for high power integrated PAs).
To improve this issue, we investigate whether a modified M-PRACH design can reduce the required transmitter phase modulation bandwidth. As well as facilitating lower cost UE transmitter implementations, this could allow more flexible uplink scheduling. However, it still has the drawback of non-zero PAPR.

It should be noted that the alternative uplink option using FDMA with GMSK/PSK modulation (see section 7.3 of [3] for the design and [4] for a discussion of the justification) does not suffer from these drawbacks. This is because the RACH transmission waveform is modulated as a PUSCH transmission, and is both narrowband and constant envelope.

2 Transmitter implementation issues with the M-PRACH design
2.1 Zero crossings and FM bandwidth
Figure 1 compares the signal trajectory of a ZC-based M-PRACH preamble in [2] with that of relatively ‘transmitter-friendly’ modulations GMSK, π/2-BPSK and π/4-QPSK. This shows that:
(a) The ZC-based signal has a high peak-to-average ratio.
(b) The ZC-based signal does not avoid zero crossings.
Issue (b) causes problems with polar transmitter implementations in two ways:

1. Small imperfections in a polar transmitter’s amplitude path can cause it not to represent zero amplitude accurately.
2. The phase varies very quickly when the signal crosses near zero. This creates ‘spikes’ in the signal’s instantaneous frequency that are difficult to track by a polar transmitter’s phase path, as illustrated in Figure 2.
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Figure 1: Constellations for GMSK, π/2-BPSK, π/4-QPSK and ZC-based M-PRACH (length-251 ZC sequence with index 104 shown, interpolated to 640 kHz sample rate)
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Figure 2: Instantaneous modulation frequency for 80 kHz ZC-based M-PRACH, compared with a GSM signal
2.2 PAPR

Figure 3 shows the PAPR of length-251 ZC sequences. This plot is generated by FFT-interpolating the ZC sequences to a sample rate of 640 kHz, using an FFT of length 2048. The PAPR here means the ratio of (a) the biggest peak in the resampled M-PRACH signal for each ZC index and (b) the RMS of the M-PRACH signal.
While the PAPR of the ZC sequences with low/high indices is about 2.6 dB, many sequences with mid-range indices have a PAPR close to 7 dB. This may be mitigated to some extent (e.g. by attenuating the biggest peaks and accepting more distortion, or by avoiding using the sequences with worst PAPR, etc), but nevertheless this non-zero PAPR is very undesirable for NB-IoT.
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Figure 3: PAPR vs index of length-251 ZC sequences
3 Investigating modified M-PRACH designs
3.1 Discussion and possible modifications
The objectives of a modified M-PRACH design should include the following:

· Reduce the bandwidth for UE transmissions in order to avoid PRACH determining the UE transmitter architecture and so adding cost/complexity to the UE implementation.

· Maintain adequate time-of-arrival performance to control inter-user interference on the uplink.

· Improve scheduling flexibility by allowing more PUSCH subcarriers to be active during PRACH.

· Allow support for frequency reuse-1/3 on the uplink in addition to reuse-1, as this may provide more robust uplink performance in some deployments.

· Support zero PAPR modulation to reduce UE cost/complexity and improve energy efficiency.

A possible modification that addresses these objectives, apart from the zero PAPR, is shown in Figure 4. The key modification is that the UE M-PRACH transmission now uses a bandwidth of 40 kHz, compared with 80 kHz in [2], and there are now three PRACH “bands” available, separated in frequency. 

The preambles are generated based on a length-113 Zadoff-Chu sequence and they occupy a bandwidth of 35312.5 Hz (113 times 312.5Hz). Apart from reducing the M-PRACH bandwidth, the design parameters are the same as in [1] and [2]: the M-PRACH preambles have a duration of 3.6 ms including a cyclic prefix of 0.4 ms, they have the same sub-carrier spacing of 312.5 Hz and the same repetition schemes are used.

The preambles can be transmitted in one of three bands (‘band 0’ – ‘band 2’ in Figure 4). This means that 3x113 = 339 orthogonal ‘root’ preambles are available (before cyclic shifts). If a larger number of orthogonal preambles is required, four such bands may be used.

As we show in section 3.2, the detection performance with this scheme is as good as that of the M-PRACH design in [2], assuming UE transmissions of the same power and duration.

Using a narrower M-PRACH reduces the amount of time-frequency resources allocated to it, improving the M-PUSCH capacity and also increasing scheduling flexibility for M-PUSCH. Figure 5 illustrates uplink frequency allocation with M-PRACH using just ‘band 0’.
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Figure 4: Possible M-PRACH time-frequency structure using up to 3 M-PRACH bands
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Figure 5: Example uplink frequency allocation using band 0 for M-PRACH

3.2 Performance of the modified design investigated
A potential concern with the 40 kHz M-PRACH design suggested in section 3.1 is that it might not provide sufficiently accurate ToA estimation. Simulations have been run to check this and also to compare the 40 kHz M-PRACH detection performance against that of the 80 kHz M-PRACH design from [2].

The simulation set-up was as follows:

· Transmit

· A ZC-sequence with a random index n is selected (length-251 or length-113)
· The ZC-sequence is FFT-interpolated to 320 kHz, using a size-1024 FFT, with appropriate zero-padding

· A cyclic prefix is added to produce a 3.6 ms long M-PRACH preamble sampled at 320 kHz

· For repetitions simulation, the preamble is repeated over 20 groups of three repetitions, each occupying 12 ms every 60ms. So for 60 repetitions, the M-PRACH is spread over 1.2 seconds.

· Channel

· Frequency offset is applied to the preamble

· The preamble is delayed by a random time t
· The preamble is attenuated according to the MCL

· For each RX antenna

· A TU1Hz channel is applied

· AWGN is added in 320 kHz bandwidth, to produce a model of the received signal

· Receive

· For each RX antenna and for each repetition
· A 3.2 ms section is ‘sampled’ from the received signal and its FFT-1024 is calculated

· For all the possible transmitted sequences, their correlation with the received signal is calculated  in the frequency domain 

· Multiply (element-by-element product) the received signal’s FFT with the conjugate of the candidate root sequence FFT, and then IFFT the result

· Add together the absolute value of the correlations calculated above for the two RX antenna signals and for all the repetitions
· Find the biggest peak in all the computed correlations. If the peak exceeds a ‘detection’ threshold, the corresponding ZC sequence is ‘detected’, with a delay given by the location of the peak within the correlation result for that sequence. 

Increasing the detection threshold reduces the number of false detections, but it increases missed detections. For the purpose of comparing the 40 kHz M-PRACH scheme with that of [2], we simulated PRACH transmission without repetitions, and the detection thresholds for each scheme were adjusted to produce the same false alarm rate, which was set to 0.5%.
Simulation results without considering repetitions, i.e. only for detection of a single preamble transmission, are plotted in Figure 6 and Figure 7. The simulation parameters are shown in Table 1.
	Parameter
	Value

	Channel model
	TU1Hz

	Interference/noise
	Sensitivity (Noise only)

	Antenna configuration
	BS: 1T2R
MS: 1T1R

	Frequency error
	Uniformly chosen from the set {-50 Hz, 50 Hz}

	MS transmit power (dBm)
	23

	Thermal noise density (dBm/Hz)
	-174

	BS Receiver noise figure (dB)
	3

	Interference margin (dB)
	0

	Number of Monte Carlo iterations per point 
	10000


Table 1: Simulation parameters

Figure 6 shows simulation results comparing the 80 kHz M-PRACH design of [2] with the 40 kHz M-PRACH design, in terms of detection probability vs. MCL. This shows that detection reliability is very similar for both schemes, in fact slightly better with the 40 kHz M-PRACH in AWGN. This slight advantage of the 40 kHz M-PRACH may be caused by an inaccurate setting of the detection threshold, although we made efforts to adjust the thresholds to provide equal false alarm rates, to ensure a fair comparison. It may also be due to there being a larger number of ZC sequences tested for detection with the 80 kHz bandwidth M-PRACH design and each of them containing more independent noise samples (compared with the 40 kHz design). Without repetitions, detection breaks down (>10% missed detections) at an MCL of 153 dB. 
Simulation results with repetitions are presented in Figure 8 - Figure 11. Only the 40 kHz M-PRACH design is evaluated with repetitions. Figure 9 and respectively Figure 11 show that at 164 dB MCL, the 40 kHz M-PRACH design with 60 repetitions achieves 2% missed detection probability [98% detection probability], and a  <0.1% probability of ToA error exceeding 2 samples. For the repetitions simulation, the detection thresholds were set to produce a false alarm rate of 0.01%.
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Figure 6: Missed detection probability for the two M-PRACH schemes (TU1Hz, one transmission)
According to our detection procedure, the received signal is sampled at 320 kHz and ToA resolution is in increments of one 320 kHz sample (3.12us). 

As seen in Figure 7, for the 40 kHz M-PRACH design, at MCL 150 dB or less, ToA is within ±2 samples (±6.25 us) with >99.9% probability. The probability of ToA errors of 2 samples is also low and it only increases to 2.5% at the MCL 153 dB where the probability of missed detection starts to exceed 10%.
This shows that ToA estimation with a single transmission, i.e. without repetitions, is sufficiently good with the 40 kHz M-PRACH design, because timing errors of ±2 samples (±6.25 us) are much less than the duration of the shortest cyclic prefix (28.12 us) and bigger timing errors are very infrequent.
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Figure 7: Timing estimation performance with the modified 40 kHz M-PRACH (TU1Hz, one transmission)
[image: image8.png]Missed detection probability

Missed detection probability vs mcl with 40 khz bandwidth M-PRACH
1 T T T T T

1 repetitions
0.9H — 5 repetitions
10 repetitions
15 repetitions
— 20 repetitions
~ 25repetitions
30 repetitions
35 repetitions
40 repetitions |-
45 repetitions
50 repetitions
55 repetitions
B0 repetitions

o
@
T

o
~
T

o
)
T

o
5
T

o
n

o
w

o
N

0
152 154 156 158 160 162 164 166 168
MCL [dB]




Figure 8: Missed detection probability for the 40 kHz M-PRACH scheme (TU1Hz, 1-60 transmissions)
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Figure 9: Missed detection probability for the 40 kHz M-PRACH scheme (TU1Hz, 1-60 transmissions), zoom-in on probabilities between 1 and 10%
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Figure 10: Probability of timing error exceeding 1 sample at 320 kHz, vs number of transmissions
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Figure 11: Probability of timing error exceeding 2 samples at 320 kHz, vs number of transmissions
3.3 Potential alternative implementation parameters

Guard bands between the frequencies used by M-PRACH and M-PUSCH could be increased, compared with those shown in Figure 5. 

A scheme with four 40-kHz M-PRACH bands is also feasible, and may have benefits for providing higher PRACH capacity. 

The bandwidth of the M-PRACH signals could be varied to some extent, by using different-length ZC sequences, and/or by changing the sub-carrier spacing. For example, length-127 ZC sequences could be used instead of length-113.

4 Conclusions 
This contribution highlights some issues with the Zadoff-Chu M-PRACH design of [2], in particular its wide phase modulation bandwidth and its non-zero PAPR. These characteristics increase the complexity/cost of the UE transmitter, make integration of the PA more difficult, and also reduce its energy efficiency. 
We discuss the benefits of keeping the UE TX modulation bandwidth low and investigate how the M-PRACH design could be modified to achieve this, whilst maintaining sufficient time-of-arrival accuracy. As well as facilitating low-cost UE transmitter implementations, the modified M-PRACH design also provides more flexible M-PUSCH scheduling. However, this approach still suffers from a high PAPR. Therefore, a PRACH signal with low PAPR (such as the one described in [5]) is also required, for use by UEs with large MCL. The need for two different kinds of PRACH signals increases the complexity of the SC-FDMA PRACH scheme.
The alternative uplink scheme using FDMA with GMSK/PSK modulation, see section 7.3 of [3], does not suffer from these drawbacks. This is because the RACH transmission waveform is both narrowband and constant envelope (since the FDMA approach does not require accurate time-of-arrival estimation, so the PRACH signal can simply reuse the same modulation as PUSCH).
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