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Introduction
A narrowband OFDMA (NB-OFDMA) solution for GERAN Cellular IoT is described in [1]. In this document, impacts of frequency offset in NB-OFDMA is studied with the focus on the performance loss due to inter-carrier interference. 
Effects of Frequency Offset
Carrier frequency offset in OFDMA systems gives rise to signal distortion and inter-carrier interference (ICI). 

Signal distortion caused by frequency offset includes signal energy loss and phase rotation. While energy loss leads to reduced signal-to-noise ratio (SNR), phase rotation can often be estimated using pilots and subsequently compensated in data detection. 

ICI is the interference among different tones due to frequency offset. In the downlink, the frequency offset between the base station transmitter and the UE receiver can be estimated and removed, together with ICI, from the received signal. In the UL, mitigation of ICI is more complicated because different UEs can have different carrier frequency offsets. In addition, larger power imbalance typically occurs in the UL receiver of NB-OFDMA due to different SNR requirements of different modulation and coding schemes (MCS’s) and imperfect power control. Hence, the focus of this study is on the effects of frequency offset in the UL.

ICI in OFDMA has been widely studied and there exist various mitigation methods. Depending on the sources of the ICI, different mitigation methods may be used. ICI from tones of other UEs is often called multiple-access interference (MAI), which is often more difficult to suppress as compared to ICI from other tones of the same UE. In this study, a receiver without any ICI mitigation method is considered and ICI is referred to as the interference between different tones regardless of its source.
Simulations
Single-Tone Interference
We first consider a single-tone interferer with fixed frequency offset for performance in this case can be readily estimated. 

Three cases are considered: 

Case 1. Single-tone BPSK, rate-1/6, packet size 800 bits
Case 2. (4,4)-TPSK, rate ½, packet size 800 bits.
Case 3. Single-tone QPSK, rate ¾, packet size 200 bits.

In cases 1 and 3, MCS’s that require the lowest and highest SNR in the NB-OFDMA UL are considered, respectively. For these two single-tone cases, assuming perfect channel and frequency offset estimation, the signal to interference ratio can be readily found to be
                             (1)
where Ps and Pi are the received power of the desired signal and the interference, respectively, and sand iare the normalized frequency offsets, with respect to the tone spacing, of the desired signal and interference, respectively, d is the difference between the interfering tone index and the signal tone index. The numerator in the above equation is the signal power remain within the designated signal tone at the output of the FFT and the denominator is the interference power leaked into signal tone. Clearly, the worst case occurs when the interference and the signal are located side by side, i.e., d=1.

For TPSK [2], frequency offset of the desired signal also generates interference in allocated silent tones. For a TPSK allocated with m contiguous tones, the signal and interference power in the allocated tones becomes 
   Ps sinc2((k-ks)+s)+ Pi sinc2((n-k)-i), k =k1, k2, …km               (2)
where ks is the index of the used tone of a TPSK symbol and n is the index of the interfering tone. When k=ks, Ps sinc2((k-ks)+s) = Ps sinc2(s) is the signal power in the desired tone.  Let’s consider the case when ks=km and n=km+1, i.e, the last allocated TPSK tone carries nonzero signal and the interfering tone is its immediate neighbor to the right. Let’s also neglect all the terms with ks-k>1 and n-k>1 inside the sinc function because sinc2(k+d)<<sinc2(1+d) when || <<1 and k>1. The interference in the allocated tones becomes
       [ 0, 0, …, Ps sinc2(1-s), Pi sinc2(1-i)]
That is, the noise plus interference levels in the allocated tones are uneven and the maximal interference level is the larger of Ps sinc2(1-s) and Pi sinc2(1-i)). When Pi >Ps, Interference from other UE is larger than the self-interference.  Compared to other single-tone modulations, TPSK is more sensitive to its own frequency offset and slightly less sensitive to ICI from other UEs. Note that even in the UL, a digital frequency correction can be applied to remove the interference from other tones of the same UE. In this study, no attempts is made to remove self-interference. 

In all cases, TU-1 Hz channel and 2 receive antennas were assumed. Although frequency hopping was not applied, time-domain filtering/interpolation in channel estimation was limited within 2 slots. In addition, frequency offset of the desired user is estimated and the corresponding phase rotation is applied to the raw channel estimates before channel interpolation.  Interference is always placed right next to the signal tone. The power of the interfering tone is assumed to be 20 dB above that of the signal in case 1 and 10 dB above that of the signal in cases 2 and 3.

The BLER performance with and without frequency offset and interference are compared in Figures 1 to 3 for the three cases respectively. 

In case 1, the performance with 100 Hz frequency offset but without interference is expected to be very close to the ideal case. However, from Figure 1, it is about 0.2 dB worse. This loss is mainly caused by imperfection of frequency offset estimation. The introduction of a 20 dB interference with 100 Hz frequency offset has negligible effect, which is expected from Equation (1).

In case 2, it can be seen from Figure 2 that the performance loss due to frequency offset of the desired signal and a 10 dB higher interference are about 0.2 and 0.3 dB, respectively. According to Equation (2), the loss due to the frequency offset of the desired signal is negligible while the loss due to ICI is about 0.1 dB. 

In case 3, the performance degradation due to frequency offset of 100 Hz is about 0.25 dB and the loss due to ICI is about 0.5 dB. According to Equation (1), the performance loss due to a 100 Hz frequency offset is negligible and the loss due to a 10 dB ICI is about 0.5 dB.

In all three cases, simulation results closely match with theoretical predictions. 
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Figure 1 BLER performance of BPSK rate-1/6.
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Figure 2. BLER performance of (4,4)-TPSK rate-½.
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Figure 3. BLER performance of QPSK rate-¾.

Multi-Tone Interference 
In this section, two extreme cases are considered. Again BPSK with rate-1/6 for packet size 0f 800 bits is considered for its lowest signal power at the base station when power control is perfect; QPSK rate-3/4 for packet size of 200 bits is considered for it is the most sensitive to interference. In both cases, the frequency offset is modeled as
  fo(t)= f_ini +f_drift*t                       (3)
with f_ini = +10 or -10 Hz and f_drift = 0.025 or -0.025 ppm with equal probability.

In both cases, 10 interfering tones are allocated immediately to the left of the desired signal tone and another 10 interfering tones immediately to the right, as shown in Figure 4.

 
Figure 4. Tone allocation of interference and signal.

For BPSK rate-1/6, the power levels of the 20 interfering tones are randomly chosen in the range of 15 to 20 dB above the signal power. The assumed power imbalance is a worst-case scenario. From Figures 1 and 3, the maximal power imbalance in the UL is about 15 dB. An interferer with 20 dB higher power at the base station indicates that it uses the highest-order MCS and its power is 5 dB higher than necessary possibly due to inaccurate power control. The BLER performance of this case is provided in Figure 5. Comparing the results in Figures 1 and 5, it can be seen that the impact of 20 interferes is negligible. This is because a) since the transmission takes about 2.4 seconds, the frequency offsets are less than 64 Hz according to Equation (3); b) the interference decreases quickly as the distance of the interfering tone and signal tone increases. 

For QPSK rate ¾, the power levels of the 20 interfering tones are randomly chosen in the range of 0 to 5 dB above the signal power. That is, the 20 neighbor tones of the desired signal are all occupied by the highest-order MCS with 0 to 5 dB margin for imperfect power control. The BLER performance of this case is given in Figure 6. In this case, the frequency offset is even smaller because the transmission of a data packet takes only about 67 ms.  As expected, the performance degradation is smaller than that in the case of a single interfering tone with 100 Hz frequency offset and 10 dB larger power shown in Figure 3.
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Figure 5. BLER performance of BPSK rate-1/6: without and with 20 interfering tones.
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Figure 6. BLER performance of QPSK rate-3/4: without and with 20 interfering tones.
Summary
In this contribution, impacts of frequency offset in NB-OFDMA is studied. It is shown that the performance degradation due to frequency offsets and UL power imbalance is small, only about 0.2 dB in the two worst-case power imbalance scenarios.
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