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1. Introduction
WCDMA technology was introduced in UMTS because of its higher spectral efficiency, better voice quality and so on, than conventional GSM system. It is good at handling lower data rate transmission by using OVSF Walsh code at the transmitter and RAKE technology at the receiver to collect multi-path signal, however for high data rate transmission, the spread spectrum effect is quite limited (especially for UL, the spreading factor can be as low as 2) and the presence of multi-paths becomes a negative effect because the interference between them cannot be neglected, especially when operating in MIMO mode. This requires a powerful but more complex receiver using advanced technology such as LMMSE, IC and so on.
Since the bandwidth per UMTS carrier is 5MHz, which is much abundant than the data rate 3.84MHz, some spectrum is wasted. Furthermore, a single carrier cannot obtain FDPS (Frequency Domain Packet Scheduling).
This contribution focuses on discussing a possible solution to improve UMTS.
2. Discussion
A. Conventional UMTS WCDMA 
2.A.1 Impact of multi-path channel 
It is well know that 3GPP UMTS is based on WCDMA technology. The wide bandwidth 5MHz (3.84MHz chip rate with 1.16MHz guard bandwidth) is likely going through a frequency selective wireless channel, which in time domain it is a multi-path channel. 
Data transmission
The multi-path has both positive and negative impact on demodulation performance. It can provides diversity gain when the received Ec/N0 is small, meanwhile it contributes noticeably high ISI (inter-symbol interference) when the received Ec/N0 is larger. Consequently, it is good for low data rate transmission, and bad for high data rate transmission. Although advanced equalization algorithm can be applied to cancel part of ISI to improve the performance, the cost is a much higher complexity.
MIMO operation
When WCDMA cooperates with MIMO, the ISI will be more significant, and degrades the space multiplex gain. As a result, MIMO is not working well together with multipath (frequency selective) channel.

2.A.2 Impact of wide bandwidth
FDPS gain
The wide bandwidth 5MHz per UMTS carrier means that it cannot achieve FDPS (Frequency Domain Packet Scheduling) gain. It has been proven [1] that it would be good if a RB bandwidth is in the order of the coherence bandwidth. It is shown in [1] that most of the FDPS gain is achieved with a RB bandwidth of 375 kHz in PA and TU channel2. However in the situation of 5MHz UMTS, unfortunately there is only one RB in the 5MHz, therefore no FDPS can be obtained.
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[bookmark: _Ref376168616]Figure 1: FDPS performance versus RB bandwidth in [1]

Unutilized Spectrum
Another issue is that the 5MHz bandwidth is a little wider than necessary 4.68MHz for the data rate 3.84MHz with raised cosine roll-off factor 0.22. It results in unutilized spectrum, about 0.3MHz bandwidth, which if utilized could provide better service.


Figure 2: Data rate, necessary bandwidth, and assigned bandwidth in a UMTS carrier
B. Multi-carrier modulation
Reconsidering conventional multi-carrier modulation, small bandwidth multi-carrier CDMA may be a promising method to overcome the weakness of UMTS mentioned above without losing the advantages, such as asynchronous networks.
A conventional filter bank multicarrier architecture of transmitter is illustrated in Figure 1. Signals generated from baseband are input respectively into a prototype filter with a frequency shifter, and then all the outputs are summed together as a synthetic signal, which would be further modulated by RF for transmission.


[bookmark: _Ref378079483][bookmark: OLE_LINK26][bookmark: OLE_LINK27]Figure 3: Conventional filter bank multicarrier architecture of transmitter

The final output s(k) can be computed as below, assuming f0=0. 

The spectrum distribution can be illustrated as in Figure 4 if the central frequencies are separated far enough. One can assign the carriers close enough as shown in Figure 5, so that we can simplify the output calculation above for the purpose of reducing the computation complexity, as described in the Appendix.



[bookmark: _Ref376168630][bookmark: _Ref376167499]Figure 4: Illustration of spectrum distribution when the carriers are separated

 
[bookmark: _Ref376169312]Figure 5: Illustration of spectrum distribution when the carriers are close

Benefits: 
· Small bandwidth leads to flat frequency channel experience, which is good for high data rate transmission and MIMO operation.
· Small bandwidth is good for reducing unutilized spectrum, and large number of carriers can offer FDPS gain.
· Band limited signals have small inter-carrier interference to neighbor/other carriers, they can be flexibly assigned or removed without considering much about the impact to spectral emission.

C. Further enhancement of scalable UMTS (Solution)
For fully utilizing the advantage of conventional wideband UMTS and multi-narrow-band-carriers, we can aggregate these two types of carriers, which has been mentioned in the Scalable UMTS study. 


[bookmark: _Ref376893065]Figure 6: Illustration of carrier aggregation of a 5MHz carrier with several small bandwidth carriers
In this scenario, the small carriers only support data service, and they are not standalone, which means most common channels, except pilot and control signals, do not need to be transmitted necessarily on the small carriers. Even the control signals can be moved to the 5MHz carrier, and also the feedback information can go through the UL cell that corresponds to the DL primary 5MHz carrier. The small carriers here are used as resource blocks which can be scheduled by the transmitter. An illustration of the cooperation of a 5MHz carrier with small bandwidth carriers is shown in Figure 7. 


[bookmark: _Ref376942611]Figure 7: Illustration of cooperation of 5MHz carrier with small bandwidth carriers
An example of data transmission in the secondary small carriers is illustrated in Figure 8. The transport blocks are coded, modulated and mapped to sub-carriers according to scheduler signalling, signals of each carrier are then spread/scrambled and pre-coded (if MIMO is configured) to be fed to the multi-carrier modulator. The output of multi-carrier modulator is then sent to receiver through wireless channel. Note that the control information is sent from the primary cell. The receiver demodulates the data according to the control information and feedbacks a HARQ-ACK (if necessary), meanwhile the receiver monitors the channel quality and may feedback CQI/PCI/RI to the transmitter.


[bookmark: _Ref376943094]Figure 8: Illustration of data transmission process in secondary carriers

Benefits:
· Control information is very important, and the data rate is relatively lower, the demodulation performance can be guaranteed in the primary 5MHz cell. 
· The secondary carriers can focus on data transmission, and can be easily scheduled by transmitter (or network). 

The aggregation solution may be applied in several scenarios, such as bandwidth 6MHz, 15MHz and large unlicensed bandwidth.
In 6MHz bandwidth, one can deploy a normal UMTS (4.92MHz) with 4 small bandwidth carrier (each 270KHz), as shown in Figure 9. In this way the 6MHz can be fully utilized.


[bookmark: _Ref377824047]Figure 9: Illustration of carrier aggregation in 6MHz

In 15MHz, bandwidth, one can deploy SC, DC or TC, also one may take 5MHz or 10MHz for a number of small carriers. Figure 10 illustrates an example of carrier aggregation in 15MHz, f0,A and f0,B are used as normal carrier (5MHz) and f1 to f16 are used as small carriers with bandwidth 270KHz. In early stage, the ratio of new UEs may be small, and then we may use them in a TDM manner with normal 5MHz carrier (in a period, wideband signals are transmitted and in other time period narrower band signals are transmitted). 


[bookmark: _Ref377825063]Figure 10: Illustration of carrier aggregation in 15MHz

Also one can deploy a licensed 5MHz with a large bandwidth of unlicensed carriers, such as 320M, 640M, and 1280MHz. In general the parameter B (bandwidth) and M (number of secondary carriers) can be defined semi-statically. Although we may configure a large bandwidth, it is still possible to transmit data on a fraction of the band to avoid high interference from other unknown signals. 


Figure 11: Illustration of carrier aggregation in unlicensed band
D. Evaluation
2.D.1  Simulation assumptions
The small bandwidth multi-carrier aims to improve the performance in multi-path and higher speed channel. A simple simulation is made under the assumption list in Table 1.
[bookmark: _Ref378604040]Table 1: Simulation assumptions
	Parameter
	Value

	Carrier Frequency
	900 MHz

	Bandwidth per carrier, number of carriers
	5MHz × 1
270KHz × 16

	Chip rate
	3.84MHz for 5MHz carrier
240KHz for 270KHz carrier

	P-CPICH_Ec/Ior
	-10dB

	P-CCPCH_Ec/Ior
	OFF

	SCH_Ec/Ior
	OFF

	PICH_Ec/Ior
	OFF

	HS-SCCH_Ec/Ior
	OFF

	HS-PDSCH_Ec/Ior
	Remaining power so that total transmit power spectral density 
of Node B (Ior) adds to one

	Spreading factor for HS-PDSCH
	16

	Modulation
	QPSK, 16QAM, 64QAM

	TTI [ms]
	2ms

	TBS
	For PB3: 4000, 12000, 22000
For VA30: 3800, 12400, 24500

	HSDPA Scheduling Algorithm
	CQI based

	Geometry
	[-5~25]dB

	CQI Feedback Cycle
	1TTI

	CQI feedback error
	0%

	HS-DPCCH ACK/NACK feedback error
	0%

	Maximum number of HS-DSCH codes
	Up to 15*SF16

	Number of HARQ Processes
	6

	Maximum HARQ Transmissions Time
	50ms 

	HARQ Combining
	Incremental Redundancy

	First transmission BLER
	10% after 1 transmission

	Channel Encoder
	3GPP Turbo Encoder for HSDPA

	Turbo Decoder
	Log MAP

	Number of iterations for turbo decoder
	8

	CQI Feedback delay
	8ms

	Propagation Channel Type
	PB3, VA30

	Channel Estimation
	Realistic

	Noise Estimation
	Realistic

	UE Receiver Type
	2-Rx LMMSE (Type 3)

	Antenna imbalance [dB]
	0

	Tx Antenna Correlation
	0

	Rx Antenna Correlation
	0

	Number of transmit antennas
	1

	Number of Rx Antennas
	2



2.D.2  Simulation results
Results for different propagation channels and TB sizes are shown in Figure 12 and Figure 13. We can observe that in multi-path channel with similar weight, similar performance in lower geometry and better performance in higher geometry for 16-carrier operation (with each 240 KHz data rate and 270 KHz bandwidth) can be achieved. The better performance can be attributed to flat frequency channel experience in the small bandwidth. Note that, the 16 carriers only require 270 KHz ×16 = 4.32MHz, and in fact we can deploy additional 2 carriers with 270 KHz, which can provide further better performance (not shown in the figures below).

 
[bookmark: _Ref378669993]Figure 12: Simulation results of fixed data rate in PB3
 


[bookmark: _Ref378669999]Figure 13: Simulation results of fixed data rate in VA30

3. Conclusion
In this contribution, we analyze the impact of multi-path channel on the conventional UMTS and introduce a promising evolution of Scalable UMTS, which can be deployed in some useful scenarios. A simple simulation shows that in multi-path channel, multi-carriers with small bandwidth can provide better performance, especially in higher geometry, which can improve the network capacity.
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Appendix
A. Effective implementation of conventional multi-carrier modulation
The complexity of conventional multi-carrier can be simplified; the following figure illustrates the spectrum distribution and the definition of key symbols. 


Figure 14: Illustration of spectrum distribution
Additional assumption: 

Then the output s(k) of Figure 3 can be further deduced as below,

Assume the filter length is Lf, the output  can be further expressed as below. We can observed that each coefficient of the filter exists once and arranged in ascending order, meanwhile Lf,/K sample time signals, the output of IFFT operation, are fed to the dot product operation.


The whole operation of Figure 3 then can be simplified and illustrated in Figure 15. The benefit of this equivalent operation is that the computation complexity can be decreased a lot. 


[bookmark: _Ref378079930]Figure 15: Illustration of lower complexity implementation for transmitting signals

The complexity comparison is shown in Table 2. For conventional method, each branch require a Lf -length convolution operation with K up-sampling signals (including  non-zero signal) and a frequency shift operation, hence we need  multiplication and  sum operation per branch, and to obtain the final result it requires another M-1 sum operation for combining the M branch signals, as a result it requires  operation for per output sample.
[bookmark: _Ref378080894]Table 2: computation complexity for per output sample
	Conventional method
	Multiplication：
sum：
Total: 

	New method
	Multiplication: 
sum: 
Total: , 
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