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1. Introduction
In this contribution, we have looked further into means for effectively signalling the resource assignments for downlink allocations. The contribution is to be seen as an expansion and further explanation of our earlier contribution [1]. In this contribution, we will present an example method of encoding and decoding the suggested structure for PRB allocation signalling of dynamically allocated physical resources.
2. Starting point
As shown in [1], there is a limited number of combinations for assigning resources when putting a few and simple limitations to the scheduling flexibility in terms of which resources can be assigned for a given UE.

To illustrate, we reintroduce the number of possible combinations possible for each amount of PRBs scheduled for a user. This is shown in Table 1. For details on how these values are obtained, please refer to [1].

Table 1 Example of resource allocation signalling possibilities for different number of PRBs allocated. Note that the resolution stepping is increased when more than 5 PRBs are allocated. 10 MHz system BW considered here.
	Number of PRBs allocated
	Allocation granularity
	Allocation placement possibilities
	Signalling possibilities

	1
	1
	50
	50

	2
	1
	50
	1225

	3
	1
	50
	19600

	4
	1
	50
	230300

	5
	1
	50
	2118760

	6
	2
	25
	2300

	8
	2
	25
	12650

	10
	2
	25
	53130

	12
	2
	25
	177100

	14
	2
	25
	480700

	16
	2
	25
	1081575

	18
	2
	25
	2042975

	20
	2
	25
	3268760

	22
	2
	25
	4457400

	24
	2
	25
	5200300

	26
	2
	25
	5200300

	28
	2
	25
	4457400

	30
	2
	25
	3268760

	32
	2
	25
	2042975

	34
	2
	25
	1081575

	36
	2
	25
	480700

	38
	2
	25
	177100

	40
	2
	25
	53130

	42
	2
	25
	12650

	44
	2
	25
	2300

	45
	1
	50
	2118760

	46
	1
	50
	230300

	47
	1
	50
	19600

	48
	1
	50
	1225

	49
	1
	50
	50

	50
	1
	50
	1

	
	
	
	

	Total combinations
	
	
	38293651

	Needed signalling bits
	
	Ceil(log2(38293651))
	26 (compared to 50)


As also shown and discussed in [1], there is a high level of symmetry in the structure, so the first simplification that we would suggest is to have a single bit indicating whether we are discussing actual allocations or non-allocations.
3. Number of PRBs allocted

Taking Table 1 as the starting point, we first introduce an extra column which indicates the cumulative number of combinations for each amount of PRBs allocated for a single user. This is shown in 

Table 2 Example of resource allocation signalling possibilities for different number of PRBs allocated. Note that the resolution stepping is increased when more than 5 PRBs are allocated. 10 MHz system BW considered here. Further, note that the right-most column now contains the accumulated number of signalling possibilities.
	Number of PRBs allocated
	Allocation granularity
	Allocation placement possibilities
	Signalling possibilities
	Accumulated signalling possibilities for previous PRB allocation

	1
	1
	50
	50
	0

	2
	1
	50
	1225
	50

	3
	1
	50
	19600
	1275

	4
	1
	50
	230300
	20875

	5
	1
	50
	2118760
	251175

	6
	2
	25
	2300
	2369935

	8
	2
	25
	12650
	2372235

	10
	2
	25
	53130
	2384885

	12
	2
	25
	177100
	2438015

	14
	2
	25
	480700
	2615115

	16
	2
	25
	1081575
	3095815

	18
	2
	25
	2042975
	4177390

	20
	2
	25
	3268760
	6220365

	22
	2
	25
	4457400
	9489125

	24
	2
	25
	5200300
	13946525

	26
	2
	25
	5200300
	19146825

	28
	2
	25
	4457400
	24347125

	30
	2
	25
	3268760
	28804525

	32
	2
	25
	2042975
	32073285

	34
	2
	25
	1081575
	34116260

	36
	2
	25
	480700
	35197835

	38
	2
	25
	177100
	35678535

	40
	2
	25
	53130
	35855635

	42
	2
	25
	12650
	35908765

	44
	2
	25
	2300
	35921415

	45
	1
	50
	2118760
	35923715

	46
	1
	50
	230300
	38042475

	47
	1
	50
	19600
	38272775

	48
	1
	50
	1225
	38292375

	49
	1
	50
	50
	38293600

	50
	1
	50
	1
	38293650


In the presented signalling approach, we have taken the decision that the codeword describing the number of PRBs and their allocation should be written as:

codeword = PRB_base + PRB_assignment,
where PRB_base will be defined by the number of PRBs allocated for the given user, and PRB_assignment will be defined by the number of PRBs allocated for a given user as well as their positions in the combinatorial space.

3.1. Encoding the number of PRBs allocated.
Now, when doing the encoding of the code word to describe the number of PRBs currently being allocated, we need to create a base number, which indicates the starting point of the encoded data word. As a starting point, consider the case of 1 PRB being allocated. Here we should use the value ‘0’ as the base number, as we have no PRB allocations lower than 1 PRB. When having 2 PRBs allocated, we need ‘space’ for the l PRB allocations (which takes up 50 signalling possibilities). Similarly, when having 3 PRBs, the starting number should leave signalling space for the PRB allocations for 1 and 2 PRB allocations. The principle repeats upwards in a similar manner.
Thus, the PRB_base value for a number of PRBs can be found by identifying the row index corresponding to the number of allocated PRBs and subsequently finding the value of PRB_base in the right-most column for this row.

3.2. Decoding the number of PRBs allocated.

In a similar way, it is possible to decode the received codeword by comparing the received codeword to the right-most column in Table 2. Now, the procedure will be to find the largest value of PRB_base, which is smaller than or equal to the value of the codeword. When this value has been found, the correct PRB allocation parameters can be found from the corresponding row in the table. 

4. Actual PRB allocation
Now, when we have encoded and identified the number of PRBs allocated and their corresponding placement possibilities, we can start considering the actual scheme for encoding and decoding the value of PRB_assignment. The encoding of the PRB allocations can be described through a tabular approach as well as through a set of equations. One example of the equation approach is as follows:
4.1. Encoding the scheduled PRB allocations.

First, we introduce the following vector x that denotes the location on each of the scheduled PRBs.
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Here, NPRB denotes the number of PRBs and M denotes the number of scheduled PRBs..Further, xj indicates the location of the jth PRB. Further, we require that the scheduled PRB vector is ordered, e.g.
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The encoding algorithm can be formulated mathematically but there needs to be some exceptions as 0! (factorial of zero) is defined to be 1. For specific settings for M we can also derive closed form equations for mapping the x-vector to the specific code word. The general equation when x and number of PRBs are know is shown below as a computer programme (Matlab language notation). 

function PRBWORD = calcPRB(x,NPRB);

  M=length(x); %get number of PRBs allocated

  for m=1:M

   numPos=NPRB-x(m);

   numPlacements=M-m+1;

   if and(numPos > 0.1, (numPos-numPlacements) > -0.1),

      y(m) = nchoosek(numPos,numPos-numPlacements);   

   else

      y(m)=0;

   end

end

PRBWORD = sum(y);
where the Matlab function nchoosek(N,K) for non-negative integer numbers of N and K returns the value of

N!/K!(N-K)!
The Matlab function will be called with two arguments: x, which is a vector containing the locations (indices) of the allocated PRBs, and NPRB, which is the total number of scheduled PRBs (for the 10 MHz case, 50 or 25, as discussed above). 
This way of calculating the PRB allocation codeword for each amount of resource assignments will ensure that there will be a unique and one-to-one mapping for each allocation possibility and PRB allocation codeword.
Another approach for implementing the encoding would be to pre-calculate the values of the “nchoosek” function and use simple table look-up when constructing the allocation codeword.

4.2.  Decoding the scheduled PRB allocations.

Similar to the encoding approach, we would in general recommend using a tabular approach much in line with the approach described in section 3.2. Here the decoding table should be based on the “nchoosek” entries for each allocation position. By using this tabular approach, we will obtain a fast and efficient decoding algorithm for the decoding of the PRB allocations. For illustrative purposes, we have put in the following example code for the decoding (again, Matlab language notation):
function positionVector = extractPrb(prbValue, N, M);

nMax=N;

Y=[];

for mIndex=M:-1:1,

  [prbValue, nMax, mIndex];

  [position newValue]=getPosition(prbValue, nMax, mIndex);

  Y(M-mIndex+1)=position;

  % Assign new parameters for next iteration

  nMax=nMax-position;

  prbValue=newValue;

end

% as we are operating with relative locations, do the summing the get

% the actual positions.

positionVector=cumsum(Y);

where the extractPrb.m function extracts the PRB allocation information from the prbValue (which is the PRBWORD output from the encoding function). The extraction is based on the values of N and M, which are the total number of PRBs for scheduling and number of scheduled PRBs respectively. This function uses a helper function (GETpOSITION), which is defined as follows:

function [position, newPrbVal] = getPosition(prbVal, N, M);

% Get the permutation vector over the solution space

binomCoeff=zeros(1,N);

for n=1:N,

  if(n>=M),

    binomCoeff(n)=nchoosek(n,M);

  end

end

binom2=fliplr(binomCoeff)';

position = max(find(prbVal<binom2));

if(length(binom2)>position),

  newPrbVal = prbVal-binom2(position+1);

else

  newPrbVal = prbVal;

end

Basically, this function performs a demapping of a the PRB value depending on the value of N and M in a way very similar to the approach described in section 3. 
5. Discussion and Proposal

Given the discussions and algorithms presented in this document, we have found that by approaching the PRB allocation signalling problem using combinatorial analysis, we can achieve significant savings while at the same time providing sufficient signalling flexibility in terms of frequency domain packet scheduling. Following this, we suggest that the signalling approach presented here is adopted for the PRB allocation signalling.
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