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1. Introduction
This contribution considers a change in the definition of carrier frequency that is required for Release 13 MTC [1]. The impact of this change on receiver processing is also discussed, and we show that specific phase compensation needs to be applied at the receiver for MTC signals in order to maintain phase continuity over the OFDM/SC-FDMA symbols. 
We also propose an alternative transmitter-based approach that enables the receiver to avoid phase compensation per MTC UE. In the case of the uplink, this approach enables the low-level receiver at the eNodeB to process all the MTC UE signals the same as legacy LTE signals; no knowledge of which PRBs (or which Narrowbands) were received from MTC users is necessary.
2. MTC Carrier Frequency






For legacy LTE the carrier frequency definition is straightforward: the carrier frequency is used to up-convert the baseband signal spanning the LTE system bandwidth, to the appropriate channel within the cellular frequency band. In the case of Release 13 MTC, each UE’s uplink baseband signal is limited to 6 PRBs – a “Narrowband” – and is not centered within the legacy LTE system bandwidth. Therefore, if the carrier frequency of the legacy users is  then the carrier frequency of each Rel. 13 MTC UE is , where =15 KHz is the subcarrier frequency-spacing and is the integer UE-dependent shift in the carrier frequency in  units of . Therefore, the transmitted signal for SC-FDMA symbol  can be written as:

[bookmark: _Ref424055724]Equation 1	
where: 











 is the maximum number of frequency subcarriers in the transmitted signal bandwidth,  , =2048 is the duration of the SC-FDMA symbol not including the cyclic prefix (CP) in units of , where ,  is the duration of the l-th symbol CP in units of , and  are complex numbers representing the SC-FDMA symbol content in the  frequency-time RE [2].  
Proposal 1: The new definition of carrier frequency for Rel. 13 MTC UEs should be clarified in the specification. 
3. Impact on Receiver Processing


We consider here the uplink receiver at the eNodeB, although we note that a similar issue arises at the downlink MTC receiver. The eNodeB receives both legacy LTE signals and different Rel. 13 MTC signals, and it is desirable to perform a single down-conversion operation based on the carrier frequency   followed by a single large FFT covering the entire system bandwidth, in order to recover the symbols of all users. After down-converting the received MTC signal based on , the complex baseband signal for the l-th symbol can be written as:

Equation 3	



where  and for simplicity we have ignored the effects of the channel and noise at the receiver. The relationship between time  and symbol  are the same as defined for Eq. 1. 

It is critical to remove the complex exponential  from the signal above, as the receiver expects the symbol phases to change relatively slowly over time. This allows the receiver to perform channel estimation across multiple reference symbols and to use it to compensate for the unknown SC-FDMA symbol phase offset during demodulation. Performing channel estimation across multiple reference symbols becomes impossible, however, when phase discontinuity between symbols is created because of the abovementioned extra complex exponential (caused by the difference between the Rel. 13 transmit carrier frequency and the eNodeB down-conversion legacy carrier frequency).


The straightforward approach to eliminate this exponential and to extract the original transmitted baseband signal, would be to multiply the received signal by  before applying the FFT used for OFDM demodulation. The difficulty with this is that one would need to apply a separate FFT for each UE, as  is UE-specific. 
An alternative receiver implementation can be seen after some mathematical manipulation:

Equation 3	

where 

[bookmark: _Ref424055991]Equation 4	







and the range of the summation index  now depends on integer . Thus, we see from Eq. 3 that the demodulation of the received signal with any can be performed by a single (-independent) FFT provided its size is large enough (to cover all ), for example N. All that remains is to compensate for the phase  introduced for each SC-FDMA symbol l, and separately for each Narrowband Rel. 13 MTC transmitted signal with a different carrier frequency shift . In addition, since the sum of all CP samples over a subframe is always an integer multiple of the symbol time (1 for normal CP and 3 for extended CP) it can be shown that the phases repeat each subframe.

Using the approach just described, the eNodeB can down-convert the composite received signal using the legacy carrier frequency , apply a single FFT whose size covers the entire system bandwidth, and then apply the appropriate phase correction per SC-FDMA symbol to the subcarriers allocated for each Rel. 13 MTC UE. 
Observation 1: The eNodeB can use the same down-covert carrier frequency and the same FFT that is used to recover legacy LTE signals in order to also recover the narrowband Rel. 13 MTC signals. The receiver can compensate for the phase that is introduced for each MTC SC-FDMA symbol that depends on the symbol number within the subframe and the Narrowband location of the signal.
4. Transmitter-Based Compensation
We now describe an alternative approach that allows a legacy LTE receiver to simultaneously demodulate and detect narrowband MTC signals distributed within its system bandwidth together with legacy SC-FDMA signals operating over the full system bandwidth. The approach is based on the idea that the phase correction required at the receiver described in the previous section, which arises from the different carrier frequencies used by the transmitters, can instead be applied at the transmitters. In this case the transmitted signal of the l-th symbol would be:

[bookmark: _Ref424039590]Equation 5	



The phase correction  – applied to all the subcarriers in the sum – exactly compensates for the exponential factor arising at the receiver due to the carrier frequency difference relative to the transmitter, as described above. A block diagram describing this approach is shown in Figure 1. An IFFT of size 128 can be used by each Rel. 13 MTC transmitter operating within a 6-PRB Narrowband to generate its signal. The carrier frequency for each device will be based on its currently allocated Narrowband, centered around , where  is the carrier frequency of the full system bandwidth. Using this approach, an LTE eNodeB receiver would be able to detect all narrowband MTC UEs exactly as it currently detects legacy LTE UEs. Thus a major advantage of this approach is that the basic eNodeB low-level receiver does not need to be changed to support Rel. 13 MTC UEs operating at different carrier frequencies. In particular, the eNodeB low-level receiver can operate without any knowledge of the existence and sub-carrier allocation of these narrowband UEs.

We note that in the diagram below the phase correction is applied to the time-domain samples at the output of the IFFT. Alternatively, it can be applied to the frequency-domain symbols at the input to the IFFT. The same phase correction is applied to all symbols associated with a particular SC-FDMA symbol (i.e., over all its subcarriers).



Figure 1 : A diagram of a narrowband Rel. 13 MTC transmitter and eNodeB LTE receiver,
where the phase compensation factor is applied at the transmitter.


Proposal 2: Consider applying a phase compensation factor at the transmitter of each Rel. 13 MTC UE in order to allow the eNodeB low-level receiver to detect the signals exactly as it detects legacy LTE signals. The phase compensation factor depends on the symbol number within the subframe and the Narrowband location within the system bandwidth.


5. Conclusion
In this contribution we considered a change to the definition of carrier frequency created by introduction of narrowband Rel. 13 MTC UEs. We have made the following observations/proposals:
Proposal 1: The new definition of carrier frequency for Rel. 13 MTC UEs should be clarified in the specification. 
Observation 1: The eNodeB can use the same down-covert carrier frequency and the same FFT that is used to recover legacy LTE signals in order to also recover the narrowband Rel. 13 MTC signals. The receiver can compensate for the phase that is introduced for each MTC SC-FDMA symbol that depends on the symbol number within the subframe and the Narrowband location of the signal.
Proposal 2: Consider applying a phase compensation factor at the transmitter of each Rel. 13 MTC UE in order to allow the eNodeB low-level receiver to detect the signals exactly as it detects legacy LTE signals. The phase compensation factor depends on the symbol number within the subframe and the Narrowband location within the system bandwidth.

6. References

1. RP-150492, “Revised WID: Further LTE Physical Layer Enhancements for MTC”
2. 3GPP TS 36.211: "Evolved Universal Terrestrial Radio Access (E-UTRA): Physical Channels and modulation".



oleObject1.bin

image2.wmf
f

k

f

D

×

D

+

0


oleObject2.bin

image3.wmf
f

D


oleObject3.bin

image4.wmf
k

D


oleObject4.bin

image5.wmf
f

D


oleObject5.bin

image6.wmf
l


oleObject6.bin

image7.wmf
(

)

(

)

(

)

ë

û

é

ù

(

)

ï

þ

ï

ý

ü

ï

î

ï

í

ì

×

å

×

=

D

×

D

+

-

-

=

÷

÷

ø

ö

ç

ç

è

æ

+

+

-

D

+

å

=

-

t

f

k

f

j

N

N

k

NT

T

N

N

t

f

k

j

l

k

l

e

e

a

t

s

s

l

m

s

m

0

sc

sc

0

,

CP

)

(

2

1

2

/

2

/

5

.

0

2

,

Re

p

p


oleObject7.bin

image8.wmf
(

)

(

)

(

)

0

for 

0

for 

0

0

s

,

CP

1

0

s

,

CP

s

,

CP

>

+

<

£

+

=

+

<

£

å

å

=

-

=

l

T

N

N

t

T

N

N

l

T

N

N

t

l

m

m

l

m

m

l


oleObject8.bin

image9.wmf
sc

N


oleObject9.bin

image10.wmf
ë

û

2

sc

)

(

N

k

k

+

=

-


oleObject10.bin

image11.wmf
N


oleObject11.bin

image12.wmf
s

T


oleObject12.bin

image13.wmf
)

/(

1

s

f

N

T

D

=


oleObject13.bin

image14.wmf
l

N

,

CP


oleObject14.bin

oleObject15.bin

image15.wmf
l

k

a

,


oleObject16.bin

image16.wmf
(

)

l

k

,


oleObject17.bin

oleObject18.bin

oleObject19.bin

image17.wmf
(

)

(

)

(

)

(

)

t

f

k

j

k

k

k

NT

T

N

N

t

f

k

j

l

k

l

e

e

a

t

y

s

l

m

s

m

D

×

D

=

÷

÷

ø

ö

ç

ç

è

æ

+

+

-

D

+

å

×

å

×

=

=

-

p

p

2

5

.

0

2

,

max

min

0

,

CP

)

(


oleObject20.bin

image18.wmf
ë

û

é

ù

,

,

1

2

,

2

min

)

(

sc

max

sc

min

k

k

k

N

k

N

k

-

=

-

=

-

=

-


oleObject21.bin

image19.wmf
t


oleObject22.bin

image20.wmf
l


oleObject23.bin

image21.wmf
(

)

t

f

k

j

e

D

×

D

p

2


oleObject24.bin

image22.wmf
(

)

t

f

k

j

e

D

×

D

-

p

2


oleObject25.bin

image23.wmf
k

D


oleObject26.bin

image24.wmf
(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

k

l

k

k

k

k

k

NT

T

N

N

t

f

k

j

l

k

k

l

k

k

k

NT

T

N

N

t

f

k

k

j

l

k

NT

T

N

N

f

k

j

k

k

k

NT

T

N

N

t

f

k

k

j

l

k

l

s

l

m

s

m

s

l

m

s

m

l

m

s

m

s

l

m

s

m

e

a

e

a

e

e

a

t

y

D

D

+

D

+

=

÷

÷

ø

ö

ç

ç

è

æ

+

+

-

D

+

D

=

÷

÷

ø

ö

ç

ç

è

æ

+

+

-

D

+

D

+

÷

÷

ø

ö

ç

ç

è

æ

-

+

D

×

D

=

÷

÷

ø

ö

ç

ç

è

æ

+

+

-

D

+

D

+

W

ú

ú

û

ù

ê

ê

ë

é

å

×

=

W

ú

ú

û

ù

ê

ê

ë

é

å

×

=

å

ú

ú

û

ù

ê

ê

ë

é

å

×

=

å

å

å

=

-

=

-

=

=

-

,

ˆ

5

.

0

ˆ

2

,

ˆ

,

5

.

0

2

,

2

5

.

0

2

,

max

min

0

,

CP

)

(

max

min

0

,

CP

)

(

0

,

CP

max

min

0

,

CP

)

(

p

p

p

p


oleObject27.bin

image25.wmf
,

ˆ

ˆ

min

)

(

k

k

k

k

D

-

-

=

-


oleObject28.bin

image26.wmf
(

)

(

)

N

N

k

j

NT

T

N

N

f

k

j

k

l

l

m

m

s

l

m

s

m

e

e

/

)

(

2

2

,

0

,

CP

0

,

CP

å

=

å

=

W

=

=

D

÷

÷

ø

ö

ç

ç

è

æ

-

+

D

×

D

D

p

p


oleObject29.bin

image27.wmf
k

ˆ


oleObject30.bin

image28.wmf
k

D


oleObject31.bin

image29.wmf
k

D


oleObject32.bin

image30.wmf
k

D


oleObject33.bin

oleObject34.bin

image31.wmf
k

l

D

W

,


oleObject35.bin

image32.wmf
f

k

D

×

D


oleObject36.bin

oleObject37.bin

image33.wmf
(

)

(

)

(

)

(

)

ï

þ

ï

ý

ü

ï

î

ï

í

ì

×

W

÷

÷

÷

ø

ö

ç

ç

ç

è

æ

å

×

=

D

×

D

+

D

-

=

÷

÷

ø

ö

ç

ç

è

æ

+

+

-

D

+

å

=

-

t

f

k

f

j

k

l

k

k

k

NT

T

N

N

t

f

k

j

l

k

l

e

e

a

t

s

s

l

m

s

m

0

max

min

0

,

CP

)

(

2

*

,

5

.

0

2

,

Re

~

p

p


oleObject38.bin

image34.wmf
*

,

k

l

D

W


oleObject39.bin

image35.wmf
f

k

f

D

×

D

+

0


oleObject40.bin

image36.wmf
0

f


oleObject41.bin

oleObject42.bin

image37.emf
Receiver (eNodeB)

Transmitter (UE)

Tx symbols

UE#1

IFFT

(e.g. 

size=128)

Tx

Path

DFT

(size L, 

e.g. <=72)

Mapping

Δk,

symbol index

Rx

Path

FFT

(e.g. 

size=2048)

De-

Mapping

IDFT

(size L)

Phase 

Shift

correction

down-conversion

freq f0

up-converion

freq f0+ΔkΔf


oleObject43.bin
Tx
Path


DFT (size L,  e.g. <=72)


Mapping


IFFT
(e.g. size=128)


Δk, symbol index


Rx
Path


Tx symbols
UE#1


FFT (e.g. size=2048)


IDFT (size L)


De-Mapping


Transmitter (UE)


Receiver (eNodeB)


Phase 
Shift correction


up-converion freq f0+ΔkΔf


down-conversion freq f0



image1.wmf
0

f


