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1. Introduction
	According to the study item [1] for 5G new radio access technology, the waveform development is based on OFDM with potential support of non-orthogonal waveform and multiple access. This contribution is to provide some preliminary simulation results of link-level performance evaluation of GFDM, filtered-OFDM, and UFMC waveforms. Related discussion of this contribution can be found in [2].
2. Transceiver Architecture and Simulation Setup 
To evaluate the achievable performance of GFDM, filtered-OFDM, and UFMC waveforms, we first provide the corresponding transceiver architectures in Figure 1 and Figure 2. As stated in [2], we think that the use of GFDM shall be confined to a subband for multiple access support and compatibility, so here we use the term “eGFDM” to avoid the ambiguity of “GFDM” performing modulation on the whole band (all N subcarriers). Moreover, choosing zero-padding (ZP) as the guard interval is also been considered. For filtered-OFDM and UFMC with filtering techniques, the convolution of the finite impulse response (FIR) filter denoted by F(z) and the multipath propagation channel can be treated as an equivalent channel so that the legacy channel equalization of an OFDM system can be applied. To fairly compare the detection performance of using different waveforms, we preliminarily assume that each receiver adopts frequency-domain one-tap equalization benefited from the circulant matrix representing the equivalent channel.  
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Figure 1: Overview of transmitter architecture in block diagram form 
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Figure 2: Overview of receiver architecture in block diagram form

The simulation parameters are given in Table 1 (referred to [5]). Note that in this contribution we only take uncoded 16QAM into account in order to reveal the inherent signal characterizations of these waveform candidates. 
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Table 1: Simulation parameters

3. Performance Evaluation of OFDM-Based Waveforms 
In this section, the achievable performance of using eGFDM, filtered-OFDM, and UFMC waveforms are demonstrated by evaluating their out-of-band emission (OOBE), spectrum efficiency, and bit error rate (BER).
3.1 OOBE Evaluation 
Figure 3 shows the OOBE performance for Case 1a, which is a downlink scenario wherein the number of subcarriers can be used as much as possible. The adjacent channel leakage power ratio (ACLR) defined in TS. 36.104 [6] is to serve as a spectrum mask reference especially for the band out of the channel bandwidth. We find that eGFDM and filtered-OFDM can meet the ACLR limit with 648 and 640 used subcarriers, respectively. For UFMC, since Chebyshev window is not suitable for such wideband scenario, Sinc+RRC window as adopted by filtered-OFDM in [3] is used.   
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(a)                                               (b)
Figure 3: OOBE performance of (a) eGFDM (b) filtered-OFDM and UFMC for Case 1a

	Figure 4 shows the OOBE performance for Case 1b, which is an uplink scenario. We find that using filtering techniques can achieve much lower OOBE than using precoding techniques at the cost of time-domain block extension. Moreover, ZP-eGFDM can achieve lower OOBE than CP-eGFDM.
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Figure 4: OOBE performance for Case 1b
3.2 Spectrum Efficiency Evaluation 
Refer to [5], user spectrum efficiency is given as
[image: D:\Dropbox\Hym_Reports_Slides\20160513_NTU_RAN1#85_Tdoc_eGFDM_Yenming\SE.gif],
where  denotes the number of correctly received bits by target user, T is the transmission time of the target user,  is the whole bandwidth including system guard band for Case 1a or the data bandwidth plus guard tone of the target UE for Case 1b. In this contribution, we preliminarily evaluate the spectrum efficiency by assuming: 
· All received information bits are correct under interblock interference (IBI) free condition.
· The length of multipath channel delay spread is equal to the CP/ZP guard interval, thus increasing guard time is needed to avoid IBI caused by filtering.
Although such assumptions are impractical, we can have a basic reference about the fundamental cost of using precoding and filtering techniques for low OOBE. Table 2 and Table 3 display the numerical results of computing the spectrum efficiency for Case 1a and Case 1b referred to Figure 3 and Figure 4, respectively. It can be found that ZP-eGFDM has much better spectrum efficiency than CP-eGFDM.   
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Table 2: Numerical results of spectrum efficiency evaluation for Case 1a
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Table 3: Numerical results of spectrum efficiency evaluation for Case 1b



3.3 BER Evaluation
	Figure 5 shows the uncoded BER performance wherein the receiving signals are processed by the receivers illustrated in Figure 2. The BER performance of eGFDM is worse than OFDMA since the modulation matrix A is not a unitary matrix that causes noise amplification at the output of zero-forcing (ZF) decoder. For filtered-OFDM, the IBI impairment results in the error floor at high SNR range. For UFMC, the tail of Chebyshev window inevitably leads to large IBI which significantly degrades its BER performance. Note that in this simulation the ETU channel delay spread is equal to CP/ZP length. Therefore, we suggest that the utilization of filtering techniques for low OOBE shall depend on the channel delay spread. On the other hand, the utilization of precoding techniques may be much adequate to URLLC scenarios with high SNR.  
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Figure 5: Uncoded BER performance

4. Conclusion
[bookmark: _GoBack]This contribution provides some preliminary evaluation results of out-of-band emission (OOBE), spectrum efficiency, and bit error rate (BER) for GFDM, filtered-OFDM, and UFMC waveforms. An observation is given as follows:



Observation:
GFDM, filtered-OFDM and UFMC waveforms are basically comparable. Further evaluation depending on 5G use cases and channel environments is needed.


Reference
[1] RP-160351, “New SID Proposal: Study on [5G, Next Generation, or other names] New Radio Access Technology,” NTT DOCOMO, TSG RAN Meeting #71.
[2] National Taiwan University, “OFDM-Based Waveform With Precoding Techniques,” 3GPP RAN1 #85 Meeting, Technical Document R1-165113, Nanjing, China, May 23-27, 2016.
[3] Huawei and HiSilicon, “OFDM based flexible waveform for 5G,” 3GPP RAN1 #84bis Meeting, Technical Document R1-162152, Busan, Korea, April 11-15, 2016.
[4] NTT DOCOMO, Inc., “Initial link level evaluation for waveforms,” 3GPP RAN1 #84bis Meeting, Technical Document R1-163110, Busan, Korea, April 11-15, 2016. 
[5] Huawei and HiSilicon, “Way forward on assumptions for waveform evaluation,” 3GPP RAN1 #84bis Meeting, Technical Document R1-163558, Busan, Korea, April 11-15, 2016.
[6] 3rd Generation Partnership Project (3GPP), “Evolved universal terrestrial radio access (E-UTRA); base station (BS) radio transmission and reception,” Technical Specification (TS) 36.104, V13.1.0, Sep. 2015.

6

image3.png
Parameter Notation Value

Carrier frequency fe 4GHz

Sampling frequency fs 15.36MHz
Transmission bandwidth BW 10MHz

Subcarrier spacing fss 15kHz

FFT size N 1024

Number of guard interval samples > 80

Number of occupied subcarriers S Case la: 648 or 640; Case 1b: 48
Number of unused subcarriers J

Number of modulation symbols per block D=S—-17J

Number of time overhead samples for filtering L 79

Number of eGFDM subcarriers K

Number of eGFDM sub-blocks M

Raised cosine roll-off factor o Case 1a: 1; Case 1b:0.5
Frequency shifting factor ] Case 1la: 0; Case 1b:0.5
Circularly pulse-shaping setting (K x M, «a, 3)

Filter for f-OFDM referred to [3]

Wsine - WRRC

Filter for UFMC referred to [4]

Dolph-Chebyshev with 60dB attenuation

MCS

Uncoded 16QAM

Antenna configuration 1T1R
Channel model ETU Okm/hr
Channel estimation Ideal

Channel equalization

Frequency-domain one-tap zero forcing (ZF)





image4.png
PSD

(N,G,5)=(1024,80,648), (f_,f,

Case 1a, Downlink, 16QAM
(4GHz,15.36MHz)

100

CP-OFDMA
(2724,1,01ZP-eGFDM (J=50)
(2724,1,01CP-eGFDM (J=102)

= = = ACLR limit 4548

200 300 400 500 600 700 800 900
Subcarrier index

1000




image5.png
PSD

Case 1a, Downlink, 16QAM

(N,G,5)=(1024,80,640), (f_,f,

(4GHz,15.36MHz)

CP-OFDMA

= = = ACLR limit 4548

UFMC by Sinc+RRC
FOFDM by Sinc+RRC (L=79)

0 100 200 300 400 500 600
Subcarrier index

700 800 900

1000




image6.png
PSD

Case 1b, Uplink, 16QAM
024,80,48), (f_f )=, (4GHz,15.36MHz)

CP-OFDMA 1
(316.0.5,0.5ZP-eGFDM (J=3)
(316,0.5,01-CP-eGFDM (J=20)
UFNC by Chebuin 6048 (L=79)
+-OFDM by Sinc+RRC (L=79)

150 200 250 300 350 400 450 500 550 600
Subcarrier index




image7.gif




image8.png
Parameter ZP-<GFDM | CP-eGFDM | UFMC OFDM
s 648 648 640 640

J 50 102 0 0

X = (S — J) x 4 (16QAM) | 2302 2184 2560 2560

Tp = N/fs 66.67pus 66.67us 66.67us | 66.67us
Tg = G/fs 5.2us 5.2us 5.2us 5.2us
Ty =L/fs 0 0 5.14us 5.14us
T=Tg +Tq + T 71.87ps 71.87us 77.0lps | 77.0lus
w =5 X fes 0.72MHz 9.72MHz 9.6MHz 0.6MHz
n 3.4241 3.1264 3.4628 3.4628





image9.png
Parameter ZP-<GFDM | CP-eGFDM | UFMC OFDM
s 48 48 48 48

J 3 20 0 0

X = (5 — J) x 4 (16QAM) | 180 112 102 102

Tp = N/fs 66.67pus 66.67us 66.67us | 66.67us
Tg = G/fs 5.2us 5.2us 5.2us 5.2us
Ty =L/fs 0 0 5.14us 5.14us
T=Tg +Tq + T 71.87ps 71.87us 77.0lps | 77.0lus
w =5 X fas 720kHz 720kHz 720kHz 720kHz

n 3.4785 2.1644 3.4628 3.4628





image10.png
Case 1b, Uplink, ETU, uncoded 16QAM
(N,G,S)=(1024,80,48), (F .f .f )=, (4GHz,15.36MHz,0Hz)

1015

5 UFMG by Chebuin 60dB (L=79) with 1B1
—©— LOFDM by Sinc+RRC (L=79) with IBI
3% (3x16,0.5,0-CP-eGFDM (J=20)
—O— (3416.0.5,0.5-2P-oGFDM (J=3)
CP-OFDMA

2 14 16 18 20 2
E,/N, (dB)

24 2 28 30




image1.png
CP-OFDMA Tx

Filtered-OFDM Tx

X X
2 -]
N
x[n] o x[n]
dy Cp P/S dy —) Cp P/S Filtering

dy = IFFT insertion | * ~ dy —>| IFFT insertion |® F(z) >

ds1=>{ g v ) L . )

Wy G Wy G
| >
eGFDM Tx UFMC Ix
x x
- —H
dy —
do CPor ZP o[ i, —| TFFT . P/S -
ircular-pulse IFFT B . T : . S f
dy 7 shaper ~{ DFT insertion . P/S | do S . . . N Fl},lj?.]-l\]g
dp-1 = A W H . Wy .

wi G .

0

\% 0=l





image2.png
CP-OFDMA Rx Filtered-OFDM Rx
= —|
| 5 —>|
CP d. cp
> do
- SP o | removal | | FFT Chaupel = dy —| SP .| removal FFT
. . .| equalizer |: : :
¢ _ * . A > dg_q . .
G Wy G Wy
=
eGFDM Rx UFMC Rx
— >
S|
||
S|
reni:I:'al Ch 1 Cireut 5 %JU ool «| FFT
hanne. 1rcular-pulse % -tail .
- SP ZP‘i:ail : FET .| equalizer |: bt N de-shaper ?(11 — S/P manipulation | *
o | maniputation | * oA I Wi AT sdn . Wy
_ Wy G
G
/%

Equivalent
channel
cqualizer

Acg

Equivalent
channel
cqualizer

A

> do
> d

> ds-1





