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Introduction
RP-160671 SID 5G new RAT aims to develop an NR access technology to meet a broad range of use cases including enhanced mobile broadband, massive MTC, critical MTC, and additional requirements defined during the RAN requirements study. 

The new RAT will consider frequency ranges up to 100 GHz [TR38.913].
Detailed objectives of the study item are:
(1) Target a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 including
· Enhanced mobile broadband
· Massive machine-type-communications
· Ultra reliable and low latency communications 
(2) The new RAT shall be inherently forward compatible
· It is assumed that the normative specification would occur in two phases: Phase I (to be completed in June 2018) and Phase II (to be completed in December 2019)
· Phase I specification of the new RAT must be forward compatible (in terms of efficient co-cell/site/carrier operation) with Phase II specification and beyond, and backward compatibility to LTE is not required
· Phase II specification of the new RAT builds on the foundation of Phase I specification, and meets all the set requirements for the new RAT. 
· Smooth future evolution beyond Phase II needs to be ensured to support later advanced features and to enable support of service requirements identified later than Phase II specification.
(3) Initial work of the study item should allocate high priority on gaining a common understanding on what is required in terms of radio protocol structure and architecture to fulfil objective 1 and 2, with focus on progressing in the following areas 
· Fundamental physical layer signal structure for new RAT
· Waveform based on OFDM, with potential support of non-orthogonal waveform and multiple access
· FFS: other waveforms if they demonstrate justifiable gain
· Basic frame structure(s)
· Channel coding scheme(s)
· Radio interface protocol architecture and procedures 
· Radio Access Network architecture, interface protocols and procedures, 
Study on the above 2 bullets shall at least cover:
· Study the feasibility of different options of splitting the architecture  into a “central unit” and a “distributed unit”, with potential interface in between, including transport, configuration and other required functional interactions between these nodes [RAN2, RAN3];
· Study the alternative solutions with regard to signaling, orchestration, …, and OAM, where applicable [in co-operation with SA5];
· Study and outline the RAN-CN interface and functional split [in co-operation with SA2] [RAN2, RAN3];
· Study and identify the basic structure and operation of realization of RAN Networks functions (NFs). Study to what extent it is feasible to standardize RAN NFs, the interfaces of RAN NFs and their interdependency [RAN3];
· Study and identify specification impacts of enabling the realization of Network Slicing [in co-operation with SA2] [RAN2, RAN3];
· Study and identify additional architecture requirements e.g. support for QoS concept, SON, support of sidelink for D2D [RAN1, RAN2, RAN3].
· Fundamental RF aspects – especially where they may impact decisions on the above, e.g., 
· Study and identify the aspects related to the testability of RF and performance requirements
(4) Study and identify the technical features necessary to enable the new radio access to meet objective 1 and 2, also including:
· Tight interworking between the new RAT and LTE 
· Interworking with non-3GPP systems
· Operation in licensed bands (paired and unpaired), and licensed assisted operations in unlicensed bands
· [Standalone operation in unlicensed bands is FFS]
· Efficient multiplexing of traffic for different services and use cases on the same contiguous block of spectrum
· Stand alone operation in licensed bands
Note 1: The scope of Phase I will be determined when agreeing on Phase I WID(s).
Note 2: Stated KPI values and deployment scenarios to be aligned to scenarios and requirement SI outcome
(5) Provide performance evaluation of the technologies identified for the new RAT and analysis of the expected specification work 

(6) Identify relevant RF parameters used to be used for sharing and co-existence studies

(7) Study and identify technical solutions that enable support for wireless relay

In this contribution, we propose a waveform and multiple access scheme with the following characteristics: 
b) The waveform achieves very low PAPR for both low and large subcarrier allocations, unlike SC-FDMA impose restrictions on the number of allocated subcarriers. 
c) The PAPR is a function of excess bandwidth employed by the waveform, and PAPR close to unity can be achieved. Low PAPR is achieved even without using excess BW. 
d) The proposed waveform has compatibility with DFT-precoded-OFDMA i.e, the waveform can be introduced using a frequency domain pulse shaping filter (with or without excess bandwidth) that is implemented as a baseband module
e) The waveform requires a frequency domain widely linear receiver whose computational complexity is similar to conventional SC-FDMA receivers 

Waveform Design

A Generalized- precoded-OFDM (GPO) waveform with a very low peak-to-average-power-ratio (PAPR) is proposed. In this method, data of multiple users are multiplexed in frequency domain using orthogonal or non-orthogonal subcarrier mapping. It comprises of: constellation rotation of user data, DFT precoding and spreading, user specific frequency domain pulse shaping (FDPS) possibly with certain excess bandwidth. The frequency domain pulse shaping filter (FDPSF) introduces inter-symbol-interference (ISI) and sometimes inter-user interference. For the special case of binary modulation, a waveform with low PAPR using frequency domain pulse shaping filters (FDPSFs) that are derived from the linearized Gaussian pulse is also proposed. To mitigate the ISI and self-interference caused by the FDPSF, conventional and widely linear frequency domain equalization methods that have low-implementation complexity is considered.
[bookmark: _Toc429557873]Waveform Description



Consider the waveform design for a single user case. Generalization to the case of multiple users simultaneously sharing the available bandwidth will follow. The transmitter sends a block of M i.i.d real/complex valued modulation alphabets with zero-mean and variance σ2 . Let  denote the modulation data. We apply a constellation specific phase rotation θ(l) to obtain: . The DFT precoding of the data stream  is accomplished using a M -point DFT as

      (1)				  

where denote the discrete time and subcarrier indices, respectively, and  . Alternative to (1), a two sided DFT can be taken as.

.

Consider a L fold periodic extension of  where


Here, the elements of the vector  take the range  being total number of used subcarriers. In time domain, 

 



for  where  and elsewhere and . Here  Let

				             

   	         

                          	         (4)			  
Note: Note that the DFT operation in (1) can also be implemented as a two sided DFT.

Now consider a frequency domain pulse shaping filter

				
Where  are the samples of the time domain pulse shaping filter. Note that   may take zero values for certain subcarriers. Alternatively, all N subcarriers need not be modulated with data. In some cases, some subcarriers at band edges may be nulled out. Applying the pulse shape to the transmitted data , we have: . The time domain baseband signal  is obtained using an inverse discrete time Fourier transform (IDFT). 

				
where T is the useful portion of OFDMA symbol, TC P  is the duration of the cyclic prefix (CP) and  is the subcarrier spacing. Note that b=1 when the system uses CP only and b = 2 when the system uses cyclic prefix as well as cyclic suffix. Using (4) and (5), the analog signal can be rewritten as

			

				

				


where  and  is the time domain pulse shaping function and . Note that , r being an integer. The transmitter sends successive data blocks serially where each data block is limited to a duration of seconds. Here, the time domain signal has a form similar to conventional SC-FDMA with q(t) being the pulse shaping function. 
[bookmark: _Toc429557874]Multiple Access
Consider the multiple access scenarios where a number of users share the available bandwidth simultaneously. We consider both non-orthogonal and orthogonal user allocations where the users may employ distinct pulse shapes with different bandwidth requirements. Assuming there are a total of u users, let us denote the data of the ith user with  where 

			
where Mi is the data length of the ith user,  being the constellation rotation employed by the ith user data . Note that the DFT operation in (10) can be implemented using a two sided DFT as


Let  denote the Li fold periodic extension of   where  and let  be the FDPSF associated with this user that is defined as 


			

					

where   are the corresponding time domain samples. Further, the users are frequency multiplexed over the given the band of interest as

		



Where   is the frequency shift of the ith user. The proposed method results in a non-orthogonal multicarrier signal if the values of mi are set to integer multiples of .  Note that, the values of  are chosen based on the subcarrier mapping procedure employed by the system. 

The transmitted signal can be represented in an alternative form as

		

Where

  
is the time domain pulse shaping function employed by the ith user. Here, , where r is an integer.
Let

			

It can be expressed in alternative form as 


				

				
And

 
 is the baseband pulse shaping function used by the ith user. Now we can rewrite the transmitted signal as

		
In practice, the total number of subcarriers is N. However, only Nu subcarriers out of N may be used by the system. The remaining (N-Nu) subcarriers do not carry the data. Furthermore, a number of users are frequency multiplexed over the Nu subcarriers. The transmitted signal in its general form is given by


Here the transmitted signal spans over a group of subcarriers whose range is dictated by the subcarriers occupies by the signal of the ith user. Furthermore, the value of mi is a system design feature that can be used to control the amount of non-orthogonality introduced by the system.
[bookmark: _Toc429557875]Symbol Windowing
As the transmit signal is confined to a period of one OFDM symbol duration, effectively it imposes a rectangular window function that leads to high OBE. In order to reduce OBE we employ alternative time domain window functions that offer smooth transitions at the OFDM symbol boundaries. The proposed method includes a cyclic prefix as well as cyclic postfix each of duration TC P . The analog signal can be rewritten as

		

		
where w(t) is the proposed window function defined over the interval  (that is designed as the OFDM symbol block duration). It is common practice to choose the window w(t) such that is takes a constant value for the duration of the OFDM symbol that excludes cyclic prefix and suffix.  Additionally, the window may take a constant value during a portion of the cyclic prefix and/or suffix and it tapers to a zero value at the block boundaries. Raised cosine (RC) window is used in this contribution.
Note: To avoid the dc subcarrier, the transmitted signal si (t) is further multiplied with  or .
[bookmark: _Toc429557876]Frequency Domain Pulse Shaping Filter
 This section proposes a design procedure that enables low PAPR waveform design. The PAPR can be controlled using a suitable choice of constellation rotation factor θ(l), modulation size Q and the FDPSF q(m)  given in (5). We let  for real constellations, and for Q-ary complex constellations such as QAM, we let . For the special case of Q=2 (that is the focus of this SI), we design waveforms with nearly constant envelope by selecting , and by choosing the FDPSF based on the linearized Gaussian pulse that is obtained as the principal pulse in the PAM decomposition of a binary CPM signal with modulation index 0.5. The time domain samples of the FDPSF qt (n) can be chosen as:






where p0 (t) is the linearized Gaussian pulse, s is the over-sampling factor, and the factor BT  controls the characteristics of the waveform, and  is constant time offset, and is an integer.  Since the pulse is time limited, the values of can be taken in the range .
With an over-sampling rate of s, the Fourier transform of qt (n)  is periodic with a period  . The FDPSF with a span of sM  subcarriers is obtained by taking a sM  point DFT of qt (n)  as defined in (11).  Alternatively, the FDPSF can be obtained by taking an sM point DFT first as


Then,  the left and right halves of the DFT output can be swapped so that the zero frequency components in the middle. Alternatively, the FDPSG can be obtained using a two sided DFT as


For the special case of s=1, one can design PDPSF without excess BW. In this case, the waveform introduces ISI but has zero multi-user interference. To obtain the time domain samples for s=1, we can first generate the samples corresponding to s=2, then choose either the even or odd symbol spaced sample sequence to generate the required FDPSF.
Note: The frequency domain FDPSF can be applied to a selected users who are located at the cell edge. Remaining users can use conventional QAM modulation without applying FDPSF.

[bookmark: _Toc429557877]Linearized GMSK Pulse
The principal pulse p0 (t) is the main pulse in Laurent’s decomposition [1] is given by 

where 



The pulse q(t) is a Gaussian filtered rectangular pulse response defined as
[image: ] 

where [image: ] BT is a parameter that controls the pulse shape, and [image: ] The value of L1 determines the pulse duration. Typically this value is chosen to be in the range 4-6.

[bookmark: _Toc429557878]Results and Discussion

In simulation, the PAPR of the waveform is measured in dB for each OFDM symbol and the cumulative distribution function (cdf) is plotted in Fig 1 without windowing. We assume M=48. The PAPR at 99 % cdf point is recorded for different waveforms. MSK corresponds to BT=infinity. Using s=3, MSK spans 3M subcarriers and gives a PAPR of 0.09 dB. The GPO modulator generates a conventional MSK-like signal with approximately constant envelope. Reducing the BW occupancy of the signal to less than 3M increases the PAPR to 1.95 dB for s=1. If the excess BW is restricted to 100 percent i.e., for s=2, BT=0.3 gives a PAPR of 0.79 dB that is less than of MSK with s=2. If the system does not have any excess BW i.e., for s=1, BT=0.3 Type-A pulse gives a PAPR of 1.97 dB. The PAPR reduction obtained for any of these proposed pulses is significantly less than the case of rectangular FDPSF with s=1 that has a PAPR of 5.16 dB. For reference, the PAPR of QPSK modulation with rectangular FDPSF is 6.18 dB. 

[bookmark: _GoBack]In Fig 2, the BER results for the case of rectangular FDPSF and for (BT=0.3, s=2), (BT=0.3, s=1) and (BT=infinity, s=3) cases is given. Uplink with 5 simultaneous uses are assumed. The BER of widely linear (WL) MMSE [2] receivers for the considered cases are close to that of rectangular FDPSF. However, the conventional MMSE with (BT=0.3, s=2) has approximately 1.9 dB loss at 1% BER and for the case of (BT=infinity, s=3) the loss is 0.9 dB. We see that the WL receiver is able to fully mitigate both ISI and multi-user interference created by the pulse shaping filters. 
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Figure 1: PPAR cdf
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Figure 2: BER

Conclusion

Proposed waveform and multiple access method is recommended for further study
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