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Peak Throughput Gain of Downlink Multi-carrier
1 Introduction

At GERAN#54 it was proposed to open a work item to specify downlink multi-carrier for EDGE, to further extend the peak throughput gains afforded by the DCDL feature already specified in Rel-7, see [1]. The basic assumptions behind this proposal are that
· Multi-RAT capable MSs are common on the market today which can accommodate multiple GSM/EDGE carriers within the carrier bandwidth.
· The peak throughput scales with the number of carriers.

It was also noted in [1] that due to frequency hopping and RX bandwidth limitations, the number of carriers that can be simultaneously received may vary on a per TDMA frame basis. As a result the peak throughput gain is less than 100% as is provided by DCDL where two RF front end blocks are assumed in the MS.
This document contains some preliminary analysis on the peak throughput gain brought by the downlink multi-carrier (MCDL) concept.
2 Downlink Dual-carrier with a Wideband Receiver
2.1 Impact of the Receiver Bandwidth
The basic assumptions are outlined in Table 1. All frequency hopping settings are derived from the MUROS-2 network configuration (see [3]).
Table 1.  Basic assumptions
	Parameter
	Value
	Comment

	Frequency band
	900 MHz
	

	ARFCNs for frequency hopping
	{1, 2, …, 45}
	

	MA of interest
	{1, 10, 19, 28, 37}
	Other possible MAs are {2, 11, 20, 29, 38}, {3, 12, 21, 30, 39}, …, {9, 18, 27, 36, 45}.

	Length of MA (N)
	5
	

	Maximum carrier separation of the receiver
	25
	Also referred to as “receiver bandwidth” in this document.


Suppose in addition that HSN = 10 and that the user is assigned two MAIOs: 0 and 2. Figure 1 depicted the interaction between the receiver bandwidth and frequency hopping, e.g. when FN = 3, the user has to drop a burst on one of the two carriers, resulting in the loss of a whole radio block. 
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Figure 1.  Drop of bursts on one of the two carriers due to receiver bandwidth limitations
The above mentioned impact could certainly be mitigated by not sending the radio block at all, as long as the network and the MS aligns on which radio block should be avoided. But anyway the peak throughput is degraded to some extent. It is thus interesting to look at the details of hopping sequence generation to quantify the real impact.
2.2 Carrier Separation
According to the hopping sequence generation algorithm specified in subclause 6.2.3 of TS 45.002 [2], the mobile allocation index (MAI) could be expressed as
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Here FN is the TDMA frame number, N is the number of radio frequency channels in the MA, and S is a function of HSN and FN, but not of MAIO.
It could be easily seen that in both cases of HSN, for two MAIOs (denoted by MAIO1 and MAIO2, respectively) pointing to the same MA, there are up to two possible values for 
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On the other hand, with the assumptions in Table 1, the following equation holds,
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Hence
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Figure 2 shows an example of ARFCN as a function of MAIO and FN, following the assumptions in subclause 2.1. It could be seen that the ARFCN difference (i.e. carrier separation) is always 18 or 27, in strict accordance with Equation (5). If the receiver bandwidth is only 25 (< 27), a loss in terms of peak throughput will happen from time to time.
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Figure 2.  ARFCN as a function of MAIO and FN
2.3 Peak Throughput Gain
For DCDL the peak throughput gain is 100%, i.e., adding a new carrier doubles the peak throughput. But as can be seen above, this is not necessarily true any more if a wideband receiver is assumed.
Figure 3 shows some statistics on peak throughput gains for each MAIO combination when FN is mapped into the 52-multiframe structure and swept over a range of 0 to FN_MAX (see [2]). The basic assumptions followed Table 1, unless explicitly stated in the figure. In addition, a radio block was marked as “dropped” in case one or more of the four bursts in the block was marked as “dropped” due to receiver bandwidth limitation. “Drop” of bursts was assumed to happen on only one of the two carriers, called secondary carrier here for the sake of simplicity.
The peak throughput gain was defined as 100% minus the percentage of “dropped” radio blocks on the secondary carrier.
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Figure 3. Peak throughput gain vs. MAIO combination, dual-carrier case
It could be seen that with cyclic hopping, the non-consecutive MAIO combinations show no peak throughput gain at all, meaning that “drop of burst” due to receiver bandwidth limitation happens in every radio block period. With random hopping the peak throughput gains range from about 11% to about 43%, still much lower than 100% in the case of DCDL.
2.4 Impact of HSN to Peak Throughput Gain
Figure 4 shows the variation of peak throughput gain for some MAIO combinations when HSN changes in random hopping. It could be seen that the results for random hopping in Figure 3 are quite consistent for the whole range of HSNs (i.e. 1 to 63).
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Figure 4. Peak throughput gain vs. HSN

3 Downlink Multi-carrier with a Wideband Receiver
3.1 General Model
As noted in [1], due to receiver bandwidth limitations, “there is a need for the network and the MS to be aligned regarding which carriers shall be received during a certain radio block period given a certain configuration of carriers”.
The problem of which carriers shall be received during a certain radio block period is quite simple in the dual-carrier case but is much more complex in the general multi-carrier case.
Suppose the set of assigned carriers is {C1, C2, …, Cp}, the subset of carriers maximizing peak throughput is {Ck1, Ck2, …, Ckq}, the MS receiver bandwidth is RCV_BW, the ARFCN for carrier Cki is fki, and the starting frame number of the concerned radio block period is x. To satisfy the receiver bandwidth constraint, the following inequality should hold for y=x, x+1, x+2 and x+3 and for any i, j
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This is a problem that seems to be solvable only by means of brute force searching, resulting in very high processing power requirements that are not acceptable in terms of product implementation.
3.2 Restrictions on MAIO Combinations
One way to make the multi-carrier case feasible is to impose some restrictions on MAIO combinations for the assigned carriers, e.g. only consecutive MAIOs are assigned to the MS.

Table 2 shows a 3-carrier case based on the assumptions in Table 1. HSN is assumed to be 0 (i.e. cyclic hopping). Figures in red indicate bursts which are “dropped” due to bandwidth limitations, whilst figures in blue indicate the actually scheduled bursts.
Table 2.  Carrier scheduling, 3-carrier case
	FN
	Radio block
	ARFCN1 (MAIO=1)
	ARFCN2 (MAIO=2)
	ARFCN3 (MAIO=3)
	Number of unscheduled carrier(s)

	0
	B0
	10
	19
	28
	2

	1
	
	19
	28
	37
	

	2
	
	28
	37
	1
	

	3
	
	37
	1
	10
	

	4
	B1
	1
	10
	19
	1

	5
	
	10
	19
	28
	

	6
	
	19
	28
	37
	

	7
	
	28
	37
	1
	

	8
	B2
	37
	1
	10
	1

	9
	
	1
	10
	19
	

	10
	
	10
	19
	28
	

	11
	
	19
	28
	37
	

	13
	B3
	37
	1
	10
	1

	14
	
	1
	10
	19
	

	15
	
	10
	19
	28
	

	16
	
	19
	28
	37
	


Since there are totally 3 carriers, the theoretical peak throughput gain is 200% (comparing to the single carrier baseline). In Table 4, a total of 5 blocks are “dropped”, so the actual peak throughput gain over the 4 radio block period shown above is
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Figure 5 depicts the peak throughput gains for all possible consecutive MAIO combinations when FN is swept over the whole range of frame number. For cyclic hopping the gains are always 40%, and for random hopping the gains range from 75% to 87%. Again, the gains are much lower than the theoretical maximum for 3 carriers (i.e. 200%).
[image: image13.emf]Peak throughput gain vs. MAIO combination, 3-carrier case

0

50

100

150

200

(0, 1, 2) (1, 2, 3) (2, 3, 4) (3, 4, 0) (4, 0, 1)

MAIO combination

Peak throughput gain (%)

Random hopping (HSN = 10)

Cyclic hopping (HSN = 0)


Figure 5. Peak throughput gain vs. MAIO combination, 3-carrier case
4 Discussion
It could be noted from the above that

· The gain of downlink dual-carrier with a wideband receiver highly relies on MAIO combinations. Consecutive MAIOs always outperform non-consecutive MAIOs. But even with the best MAIO combinations the studied scenario shows less than half of peak throughput gains achieved with DCDL.

· The problem of carrier selection in the multi-carrier case may result in very high processing power requirements and therefore may affect the feasibility of MCDL with wideband reception.
· The BSC has to take the receiver bandwidth of each MS into account and dynamically determine which radio block on which carrier should be avoided and rescheduled to another (legacy) MS. The complexity in terms of processing power added to the BSC should be carefully studied, along with other aspects already mentioned in [1].

· In DCDL the BSC has the flexibility to schedule a radio block period for a legacy MS whenever there is a need. For downlink multi-carrier with a wideband receiver, the BSC may have to delay the transmission of a packet intended for a legacy MS until when there is a “hole” (bandwidth limitation occurrence), or keep the flexibility as in DCDL at the expense of wasting the radio block period at the “hole” and resulting in even lower peak throughput gains. This is worth being quantified by system simulations.

· The MA planning as shown in Table 1 could of course be tuned (i.e. with narrower ARFCN spacing) to favour wideband reception, but this is at the cost of lower frequency hopping gains.

5 Conclusions
This document discusses the peak throughput gain of MCDL in frequency hopping scenarios, the impact of MCDL upon resource allocations and resource scheduling in the BSC, and the problem of carrier selection in the multi-carrier case. It has been shown that, in the studied scenarios, the peak throughput gain of MCDL is much lower than the theoretical maximum. Further the feasibility of MCDL with more than 2 carriers seems to be a problem unless some strict restrictions are imposed on resource allocations.
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