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1. Introduction

The compressed mode (CM) functionality has been discussed from the beginning of 3GPP standardization work, in research projects focusing to 3rd generation access technologies. In those days it was identified that existing CDMA systems are lacking of well defined inter frequency measurement capabilities. Based on this a discontinuous reception and transmission ideas were introduced.

In the last RAN WG4 meeting #16 we have got a request from operators to further investigate the impacts of the compressed mode to the WCDMA system. This request was also communicated to TSG RAN#11 plenary as well, and they are waiting for the results of further discussions in WG4. Concerns have been raised based on the contributions [1], [2] presented on this topic earlier, and further work was requested to conclude how the measurements of other systems and other frequencies are operating. This contribution presents Nokia’s latest results on this topics and our conclusions of this topic.

2. Discussion

During several of our meetings the concept of defining the terminal measurement behavior has been agreed, and performance requirement and principles agreed. These requirements are listed in section 8.1 in TS 25.133. In this section we present our view about how these requirements will reflect the whole RRM behavior in WCDMA system, and based on this present the estimation of impact to system itself. 

For the sake of simplicity measurement times are based on following patterns:

Pattern 1: 7 slot gap every 3rd frame.

Pattern 5: 14 slot gap every 6th frame.
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2.1 GSM measurements

GSM measurements are divided into 3 different types: GSM carrier RSSI measurement, GSM carrier BSIC search (initial BSIC identification) and BSIC re-confirmation (after the initial synchronization has been found). Details of the requirements are defined in section 8.1.2.5 in TS 25.133. Based on these requirements the RNC can build up a suitable compressed mode pattern sequences for the UE to perform measurements necessary for preparation of WCDMA-GSM handover.

2.1.1 GSM RSSI measurement time

GSM measurement and handover evaluation procedure are defined in TS25.133 so that GSM carrier RSSI measurements have to made prior to BSIC identification in order to set GSM cells in signal strength order. BSIC identification is performed in decreasing signal strength order. This means that depending on reporting mode and criteria, the strongest GSM cell(s) with successful BSIC verification could be reported to the network significantly sooner than weaker GSM cells. Time required for RSSI measurements can be estimated based on requirement stated in table 8.4 in TS 25.133. Assuming the maximum 32 carriers in GSM neighbor list, the required time to perform RSSI measurement is:

Table 1 GSM RSSI measurement time

	Pattern 1
	TRSSI pattern 1 = (3*32)/6*30 ms = 480 ms (16 measurement gaps).

	Pattern 5
	TRSSI pattern 5 = (3*32)/15*60 ms = 384 ms (7 measurement gaps).


Naturally, it is possible to use other type of compressed mode patterns if different kind of averaging of fading is needed.

2.1.2 GSM BSIC identification

Based on the RSSI measurement UE will select the strongest carrier to start BSIC identification procedure with. The requirement in TS25.133 is based on the assumption that UE has to make 2 attempts to verify BSIC. However in real life this is not necessary in all cases, since the probability to find the BSIC at first attempt is naturally quite possible. Based on table 8.7 in TS 25.133 the required time for BSIC identification based on 2 decoding attempts can be concluded:

Table 2 BSIC verification time pattern 1

	#BSIC
	Worst case BSIC identification time/s

	1
	1.53

	2
	3.06

	3
	4.59

	6
	9.18

	8
	12.24


Table 3 BSIC verification time pattern 5

	#BSIC
	Worst case BSIC identification time/s

	1
	1.76

	2
	3.52

	3
	5.28

	6
	10.56

	8
	14.08


2.1.3 GSM BSIC reconfirmation

The performance of BSIC reconfirmation is indicated in the table 8.8 and 8.6 of TS25.133, and it is faster than initial BSIC identification. This is due to the fact that the UE is able to internally determine a suitable gap for decoding each BSIC with the given pattern. The emphasis of our analysis is on BSIC identification since after the first BSIC verification result(s) are reported to the network, the network can start evaluating possible handover candidates and typically it can also make an actual inter-system handover decision. Reason for this is that we see that GSM measurements are needed only when there is a need to transfer the user to the GSM system, mainly due to coverage reasons. 

The BSIC reconfirmation process will have a similar impact on system capacity as inter FDD measurements. 

2.2 FDD Inter frequency measurements

In order for the UE to provide information about neighbor cells on adjacent frequency, the UE needs to be able to make inter frequency measurements. The same compressed mode patterns as presented earlier in the document can also be used for making  inter-frequency measurements.

In WCDMA system, where there are several cells on the same frequency, neighbor cell search and measurements are performed in reverse order compared to GSM. First the UE has to search for a new cell(s) and after identifying a cell the CPICH Ec/Io or RSCP level of the cell can be measured.  The situation becomes even a bit more complicated than that in reality since before synchronizing to any of the cells on adjacent frequency, the UE cannot differentiate the multi path of different cells. In order to identify all cell on that frequency the UE has to identify all detectable multi paths.  Below we have list different issues, which affect the identification time of a new cell.

· Number of cells within detection range
· Propagation conditions (e.g. the number of multi paths for a cell)
· Size of the neighbor list  (minor impact compared to GSM)
The requirements in Section 8.1 of TS25.133 are written based on the worst case scenario and therefore in real network environment with good cell planning significantly better performance can be achieved.
Next we have calculated the worst-case performance for 1 FDD inter-frequency carrier with 32 neighbour cells indicated on that carrier. These worst-case figures in TS25.133 assumes multipath fading environment with several cells in detection range. The worst case figures in the table below, we have used a slot format, which gives the shortest effective measurement time.

Table 4. Time for identifying a new FDD cell

	Pattern type
	Worst case performance for identifying a new cell /s 

	Tpattern1
	9

	Tpattern5
	8.7


As stated earlier normal search performance in easier propagation conditions would be significantly better. As a conclusion we would like remind that it is not possible to state a identification time of a new cell very exactly due to the nature of the identification procedure and radio environment. Hence the compressed mode time for making FDD inter-frequency measurements can vary a lot only due to different propagation conditions, and the system needs to be prepared for larger variations of compressed mode times.

2.3 Impact on the simulation assumptions

Based on the discussions above we need to set some parameters for the dynamic simulator to study system level performance and capacity impacts of GSM and FDD inter- frequency measurements. Since the trigger of making measurements is based on events in physical layer, we have chosen this to be the UE transmitted power. This is for re-constructing the situation where WCDMA coverage is about to be end, and GSM measurements needs to be initiated to find GSM cells to make hand over. The used transmission power triggers have been 16 dBm and 0 dBm indicating different probability of user needing compressed mode measurements due to coverage reason.

Naturally in case of GSM measurements the number of BSICs needed to be verified has an impact on the performance. We have chosen the number of BSICs to be verified to be 3, and after that the GSM BSIC identification procedure is terminated by RNC. Naturally the UE can continue the BSIC verification procedure after this point, but our study does not cover this case. The reasoning behind the proposed number is that if we consider GSM-GSM handover case the probability to make handover to 4th  to 8th strongest BSIC is quite low, and hence the system performance is studied with value of 3. 

The time needed for measuring 32 GSM RSSI measurements, and making 3 BSIC measurements in total equals to:
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480ms+500 ms + 4.5s ≈ 5.5s



We have assumed an extra 500 ms for different RSSI measurement time for different fading averaging purposes. 

Third assumption has been that the WCDMA coverage is not sparse in the area where service deployed. Hence the GSM measurements are done only when needed. Indoor coverage is assumed to be done mainly with GSM. 

Fourth assumption what has been studied as well is the TFC behaviour in UL during the compressed mode sequence. It is considered that some services bit rate can be temporally reduced during the measurement sequence, and recovered back after this. This would allow the UE to generate a minimal interference to the system. In case of voice service the impact of DTX will further reduce the output power, but this was not studied so far in these simulations.

3. Simulation assumptions

The simulator used was a dynamic system level simulator[3]. In this type of simulator users can be controlled to move with desired routes and the behavior of each user and the system can be monitored. Hence it is possible to set some radio related triggers to launch RRM procedures for maintaining service continuity.  

Simulation cases are divided into four main cases:

1. Simulations where terminals enter compressed mode randomly, i.e. according to a Poisson process. After compressed mode, terminals resume normal operation. This simulates a periodic compressed mode usage. A terminal may have several compressed mode patterns during call. In this case terminal’s do not make inter frequency or inter system handovers after the compressed mode pattern.

· Several different sub-cases were defined for this case. For example, the effect of gap length, UE speed and power control margins after gap were studied.

2. Simulations where terminals enter compressed mode randomly, i.e. according to a Poisson process. After the UE has performed compressed mode, it is assumed to have made a successful GSM/inter-frequency handover and is removed from WCDMA system. This simulates a compressed mode usage where the UE always leaves the system (makes a handover) after having finished compressed mode.

· Only a few cases were made in order to see the difference between case 1 and case 2.

3. Simulations where terminals enter compressed mode when their (filtered) transmission powers reach a predefined limit. After the UE has performed compressed mode, it is assumed to have made a successful GSM/inter-frequency handover and is removed from WCDMA system in case of GSM measurements, and removed from current frequency in case of inter-frequency HO.

· The filter length and event-trigger transmitted power level were varied in these simulations. Also it was simulated how the TFC selection in UL would impact the system performance. Hence we  simulate cases, where the bit rate was reduced to lower than normal during compressed  frames were made for each of these sub-cases. This simulation is not indented to derive the requirement for TFC, just study the impact when bit rate is reduced.

4. Mixed indoor and outdoor case in which terminals are initiated in streets and may move indoors. When a terminal enters indoors, coverage naturally reduced and compressed mode measurements are initiated. The simulated scenario is presented in [4].

· This case is as case 3, except cellular scenario is different.

The following parameters were used in all the cases: 

	Parameter
	Value
	Additional Comments

	UE speed
	50 km/h
	

	Channel Model
	In-to-out-A
	With 2 taps

	Compressed mode method
	SF/2
	

	Compressed mode duration
	480 ms for cases 1-2, 5.5 s for cases 3-4
	

	Service type
	Circuit-switched service
	No DTX was used

	Simulation environment
	Macro cell, 5x5 cells for case 3 and 5x4 cells for cases 1-2, mixed indoor and outdoor scenario with 4 outdoor base stations for case 4
	

	Event-triggered compressed mode UE transmission power filter length
	2 frames or 10 frames
	Varied in different simulations, only relevant in cases 3 and 4

	terminal Bit rate
	12 kbps
	


For the cases 2-4, reference simulations where compressed mode was not used were made so that calls ended as if compressed was used. This means that the simulator tracked when terminals would have entered compressed mode, and after time equal to compressed mode total length had passed, those terminals were then removed from the system. This was done in order to keep loading the same in compressed mode simulations  and in reference simulations.  It should be also noted that in the reference case and in the compressed mode case terminals generate calls at exactly same time and moves exactly same routes.

A diagram of the simulation setup (base stations, antenna directions and cell layout) for the macro scenario is shown in Figure 1 below.


4. Simulation results

Results and observations from  Case 1

The tables below contain results from two different cases: In Table 5,  The impact of compressed mode is simulated with 10% and 50% of all user in compressed mode.  Table 6 shows the effect of UE speed during the compressed mode operation active.

Table 5. Main results from case 1 simulations

	CM load
	NR mean
	NR std
	Load changed by CM
	Load change in dBs
	UL SIR target mean
	Difference in mean SIR [dB] 

	Reference case: No CM
	2.3121
	1.317
	1
	0
	7.0216
	0

	10% CM load
	2.8631
	1.431
	1.1694
	0.6799
	7.71
	0.6884

	50% CM load
	4.1685
	2.038
	1.4947
	1.7458
	8.4543
	1.4324


This case can be regarded as a case where compressed mode is only done for measurement purposes without moving the user to the other UTRAN frequency or to GSM.  

In results change in load due to compressed mode is calculated from change in noise rise as
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where NR is noise rise in linear scale.

The load change factors and uplink SIR target changes due to outer loop power control seem to behave in a similar way. This suggests that the cause for load increase is the increase in uplink SIR targets. SIR targets increase because terminals in compressed mode have frame errors during compressed frame: Outer loop power control increases uplink SIR target values, which causes higher uplink transmission powers and therefore higher uplink interference and higher uplink load.

Table 6. Results of simulations for UE speed effect on compressed mode performance

	Statistics
	Noise Rise mean
	UL SIR target mean
	load, mean
	load changed by CM
	load change in dB
	difference in mean SIR [dB]

	Simulation
	
	
	
	
	
	

	3km/h, reference simulation
	4.7725
	6.903
	0.6668
	1
	0
	0

	3km/h, simulation with CM
	6.9651
	8.1399
	0.7989
	1.1981
	0.7850
	1.2369

	20km/h, reference simulation 
	3.0734
	7.6915
	0.5072
	1
	0
	0

	20km/h, simulation with CM
	3.9266
	8.5499
	0.5975
	1.1779
	0.7112
	0.8583

	50km/h, reference simulation 
	3.9519
	8.5604
	0.5975
	1
	0
	0

	50km/h, simulation with CM
	5.1142
	9.3628
	0.6919
	1.1582
	0.6378
	0.8024

	120km/h, reference simulation
	6.7369
	9.7704
	0.7880
	1
	0
	0

	120km/h, simulation with CM
	7.6669
	10.36
	0.8289
	1.0519
	0.2196
	0.5896


From these it can be clearly seen that the capacity effect of compressed mode is larger for slow moving terminals. Reason for this is the inner loop power control: slower the terminal speed is, more important it is to have efficient inner loop power control. Gap in frame distorts power control performance that can be seen loss in total performance. 

Main Results of Case 2

The results change quite a bit when terminals are removed from the system after compressed mode. Since the users “disappear” from the system after compressed mode, the noise rise due to increased uplink SIR targets is not as bad. 

Table 7. Main results from case 2 simulations

	Statistics
	Noise Rise Mean (dB)
	Noise Rise STD
	DL TX  Mean (W)
	DL TX  STD
	Load change factor
	Load change factor in dBs
	UL SIR target mean
	UL SIR difference

	Simulation
	
	
	
	
	
	
	
	

	Reference simulation
	2.761
	0.595
	1.695
	0.202
	1
	0
	3.6896
	0

	Simulation with CM
	2.872
	0.654
	1.733
	0.216
	1.0283
	0.1215
	3.7067
	0.017

	Simulation with CM, lower bit rate during compressed frame
	2.775
	0.635
	1.698
	0.204
	1.0037
	0.0163
	3.6972
	0.0075


In these case the loss for the system performance is negligible, especially when considering noise rise and load change factor, less than 3 %. In lowest row the loss is further reduced due to lower bit rate in compressed mode operation. 

Main Results of Case 3

The event-triggered cases show much the same results as Case 2 simulations. Noise rise increase is very low. These results also show the expected effect of the different filter lengths and event-triggers: The noise rise in the system is dependent number of users in compressed mode and  terminal transmission power. The used event-triggered compressed mode mechanism which is based on terminal transmission power, can be thought as a sort of load control: It removes users who have high enough transmission powers from the system after a constant delay of 5.5 s.(i.e., the total compressed mode duration). It should be noted that the filtering length of transmission power impacts on the number of users in compressed mode. The shorter a filter is , the more easily terminals starts compressed mode and thus, the more terminals there are in compressed mode on average.

Table 8. Main results from case 3 simulations

	Statistics
	Noise Rise Mean (dB)
	DL TX  Mean [W]
	UL Load change factor
	UL Load change factor in dBs

	Simulation
	
	
	
	

	0 dBm trigger, 10 frames filter, Reference case 
	2.83
	1.75
	1
	0

	0 dBm trigger, 10 frames filter, CM case
	2.92
	1.86
	1.02
	0.087

	0 dBm trigger, 2 frames filter, Reference case
	2.80
	1.70
	1
	0

	0 dBm trigger, 2 frames filter, CM case
	3.02
	1.86
	1.056
	0.24

	16 dBm trigger, 2 frames filter, Reference case
	3.2
	2.10
	1
	0

	16 dBm trigger, 2 frames filter,CM case
	3.28
	2.09
	1.016
	0.071


The table below shows the percentages of how many users there were in compressed mode in the simulations. The first row shows the percentage calculated as the number of compressed mode users divided by number of all users in the simulation. The second row shows the percentage calculated as the number of compressed mode users divided by number of users in the border cells, where most compressed mode users likely will be.

Table 9. Number of users in compressed mode in different simulations

	Event-trigger transmission power level [dBm] 

Filter length [frames]
	0 dBm event-trigger

10 frames filter
	0 dBm event-trigger 

2 frames filter 
	16 dBm event-trigger

2 frames filter 

	Mean number of CM users vs. all users, [%]
	7.88
	11.57
	0.47

	Mean number of CM users vs. border cell users, [%] 
	57.71
	82.13
	3.34


The level of triggering criteria and the filtering length will have a great impact to the system performance. Too low level trigger or short filtering results unnecessary high amount of compressed mode users.

Main results of case 4.

This case was such that the four outdoor base stations provide coverage mainly in outdoors. When a terminal enters to indoors, it suffers from the lacking coverage and this initiates compressed mode measurements. After that inter-system handover to GSM or inter-frequency handover to other frequency is executed. Simulations were performed for two transmission power level trigger thresholds (16 and 0dBm) leading to 2.5 % and 7.7 % compressed mode load. In 16 dBm transmission power threshold case noise rise without compressed mode was 9.4 dB and in 0 dBm case 10.4 dB. In both cases compressed mode caused 0.2 dB increase in noise rise, leading to 9.6 and 10.6 dB noise rise. 
These results indicate very minor impact to the system performance.

5. Conclusions

In this document we have analyzed compressed mode impacts on system capacity. In simulations we have used latest information on GSM and inter frequency measurement requirements that have been specified in TS 25.133. We have also assumed that GSM measurements are made only when needed. Filtered terminal transmit power measurement results were used as a trigger for a network to set the terminal into a compressed mode. 

Simulation results show clearly that capacity impact of GSM measurements is very minor. The capacity loss was shown to be in order of 0-4 % when parameters for triggering algorithm were properly chosen. The impact could be even mitigated, when considering further advancement like DTX operation in AMR codec, reduced bit rate during compressed mode operation and higher layer scheduling in case of packet services. 

These results should be compared to those in [1,2], which indicated higher capacity losses. Our opinion is that the reason for the lower capacity loss indicated by us is due to the fact that GSM measurement were done only when needed and that users making GSM measurements were removed from WCDMA technology to GSM technology after they had executed all the needed GSM measurements requested by the network.

In addition from the results it can be concluded that on fast moving terminals the impact of compressed mode is lower than slow moving terminals. Reason for this is the inner loop power control behavior. 

In case of FDD inter frequency measurements the impacts on the system are not so straightforward as GSM. One major reason is that the estimated measurement time may vary quite lot, typically more than in GSM. 

Based on above study it shown that compressed mode can be used with very reasonable impacts to the system, and for this reason there is no need for terminal structures operating without compressed mode. 
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