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<Start of Changes>
[bookmark: _Toc21621596][bookmark: _Toc29297211][bookmark: _Toc36149412]
[bookmark: _Toc27478723][bookmark: _Toc36227437]Annex E (normative):
Global In-Channel TX-Test
NOTE:	Clauses E.2.2 to E.5.9.3 are descriptions, which assume no power ramping adjacent to the measurement period. 
[bookmark: _Toc27478724][bookmark: _Toc36227438]E.1	General
The global in-channel TX test enables the measurement of all relevant parameters that describe the in-channel quality of the output signal of the TX under test in a single measurement process.
The parameters describing the in-channel quality of a transmitter, however, are not necessarily independent. The algorithm chosen for description inside this annex places particular emphasis on the exclusion of all interdependencies among the parameters.
[bookmark: _Toc27478725][bookmark: _Toc36227439]E.2	Signals and results
[bookmark: _Toc27478726][bookmark: _Toc36227440]E.2.1	Basic principle
The process is based on the comparison of the actual output signal of the TX under test, received by an ideal receiver, with a reference signal, that is generated by the measuring equipment and represents an ideal error free received signal. All signals are represented as equivalent (generally complex) baseband signals.
The description below uses numbers as examples. These numbers are taken from FDD with normal CP length and 100 MHz bandwidth with 30 kHz SCS. The application of the text below, however, is not restricted to this frame structure and bandwidth.
[bookmark: _Toc27478727][bookmark: _Toc36227441]E.2.2	Output signal of the TX under test
The output signal of the TX under test is acquired by the measuring equipment and stored for further processing. It is sampled at a sampling rate of 122.88 Mbps. In the time domain it comprises at least n uplink slots, 10 uplink subframes. where for basic EVM measurement, 

;
For Error Vector Magnitude including symbols with transient periods

The measurement period is derived by concatenating the correct number of individual uplink slots until the correct measurement period is reached. The output signal is named z(ν). Each slot is modelled as a signal with the following parameters: demodulated data content, carrier frequency, amplitude and phase for each subcarrier, timing, carrier leakage.
NOTE 1:	TDD
Since the uplink subframes are not continuous, n slots should be extracted from more than 1 continuous radio frame. where 

	.
For Error Vector Magnitude including symbols with transient periods
.
[bookmark: _Toc27478728][bookmark: _Toc36227442]E.2.3	Reference signal
Two types of reference signal are defined:
The reference signal i1(ν) is constructed by the measuring equipment according to the relevant TX specifications, using the following parameters: demodulated data content, nominal carrier frequency, nominal amplitude and phase for each subcarrier, nominal timing, no carrier leakage. It is represented as a sequence of samples at a sampling rate of 122.88 Msps in the time domain.
The reference signal i2(ν) is constructed by the measuring equipment according to the relevant TX specifications, using the following parameters: restricted data content: nominal reference symbols, (all modulation symbols for user data symbols are set to 0V), nominal carrier frequency, nominal amplitude and phase for each applicable subcarrier, nominal timing, no carrier leakage. It is represented as a sequence of samples at a sampling rate of 122.88 Msps in the time domain.
NOTE:	The PUCCH is off during the time under test.
[bookmark: _Toc27478729][bookmark: _Toc36227443]E.2.4	Measurement results
The measurement results, achieved by the global in channel TX test are the following:
-	Carrier Frequency error
-	EVM (Error Vector Magnitude)
-	Carrier leakage
-	Unwanted emissions, falling into non allocated resource blocks.
-	EVM equalizer spectrum flatness
[bookmark: _Toc27478730][bookmark: _Toc36227444]E.2.5	Measurement points
The unwanted emission falling into non-allocated RB(s) is calculated directly after the FFT as described below. In contrast to this, the EVM for the allocated RB(s) is calculated after the IDFT for DFT-s-OFDM or after the Tx-Rx chain equalizer for CP-OFDM. The samples after the TX-RX chain equalizer are used to calculate EVM equalizer spectrum flatness. Carrier frequency error and carrier leakage is calculated in the block “RF correction”.
In case the parameter 3300 or 3301 is reported from UE via txDirectCurrentLocation IE (as defined in TS 38.331 [6]), carrier leakage measurement in the RF correction block shall be omitted. All statements from Annex E.3 onwards shall be read assuming that no carrier leakage has been measured.

Figure E.2.5-1: EVM measurement points

[bookmark: _Toc27478731][bookmark: _Toc36227445]E.3	Signal processing
[bookmark: _Toc27478732][bookmark: _Toc36227446]E.3.1	Pre FFT minimization process
Before applying the pre-FFT minimization process, z(ν) and i(ν) are portioned into n pieces, comprising one slot each, where n is as defined in Annex E.2.2.
Each slot is processed separately. Sample timing, Carrier frequency and carrier leakage in z(ν) are jointly varied in order to minimise the difference between z(ν) and i(ν). Best fit (minimum difference) is achieved when the RMS difference value between z(ν) and i(ν) is an absolute minimum.
The carrier frequency variation and the IQ variation are the measurement results: Carrier Frequency Error and Carrier leakage.
From the acquired samples 10 carrier frequencies can be derived by averaging frequency errors for every 1, 2 or 4 slots for 15, 30 and 60 kHz SCS.
From the acquired samples n carrier frequencies and n carrier leakages can be derived.
NOTE 1:	The minimisation process, to derive carrier leakage and RF error can be supported by Post FFT operations. However the minimisation process defined in the pre FFT domain comprises all acquired samples (i.e. it does not exclude the samples in between the FFT widths and it does not exclude the bandwidth outside the transmission bandwidth configuration
NOTE 2:	The algorithm would allow deriving Carrier Frequency error and Sample Frequency error of the TX under test separately. However there are no requirements for Sample Frequency error. Hence the algorithm models the RF and the sample frequency commonly (not independently). It returns one error and does not distinguish between both.
After this process the samples z(ν) are called z0(ν).
[bookmark: _Toc27478733][bookmark: _Toc36227447]E.3.2	Timing of the FFT window
The FFT window length is 4096 samples per OFDM symbol. 14 FFTs (57344 samples) cover less than the acquired number of samples (61440 samples). The position in time for FFT must be determined.
In an ideal signal, the FFT may start at any instant within the cyclic prefix without causing an error. The TX filter, however, reduces the window. The EVM requirements shall be met within a window W<CP. There are three different instants for FFT:
Centre of the reduced window, called [image: ], [image: ] –W/2 and [image: ] +W/2. 
The timing of the measured signal is determined in the pre FFT domain as follows, using z0(ν) and i2(ν) :
1.	The measured signal is delay spread by the TX filter. Hence the distinct boarders between the OFDM symbols and between Data and CP are also spread and the timing is not obvious.
2.	In the Reference Signal i2(ν) the timing is known.
3.	Correlation between (1.) and (2.) will result in a correlation peak. The meaning of the correlation peak is approx. the “impulse response” of the TX filter. The meaning of “impulse response” assumes that the autocorrelation of the reference signal i2(ν) is a Dirac peak and that the correlation between the reference signal i2(ν) and the data in the measured signal is 0. The correlation peak, (the highest, or in case of more than one, the earliest) indicates the timing in the measured signal.
From the acquired samples, n timings can be derived, where n is as defined in Annex E.2.2.
For all calculations, except EVM, the number of samples in z0(ν) is reduced to 14 blocks of samples, comprising 4096 samples (FFT width) and starting with [image: ] in each OFDM symbol including the demodulation reference signal.
For the EVM calculation the output signal under test is reduced to 28 blocks of samples, comprising 4096 samples (FFT width) and starting with [image: ] –W/2 and [image: ] +W/2 in each OFDM symbol including the demodulation reference signal.
The number of samples, used for FFT is reduced compared to z0(ν). This subset of samples is called z’(ν).
The timing of the centre [image: ] with respect to the different CP length in a slot is as follows: (FDD, normal CP length)
[image: ] is on Tf=144 (=CP/2) within the CP of length 288 FFT samples (in OFDM symbols except 0 and 14 (=), where symbol 0 is the first symbol of each subframe) for 100 MHz channel bandwidth and SCS = 30 kHz.
[image: ] is on Tf=208 (=352-144) within the CP of length 352 FFT samples (in OFDM symbol 0 and 14 (=), where symbol 0 is the first symbol of each subframe) for 100 MHz channel bandwidth and SCS = 30 kHz.
[bookmark: _Toc27478734][bookmark: _Toc36227448]E.3.3	Post FFT equalisation
Perform 14 FFTs on z’(ν), one for each OFDM symbol in a slot using the timing [image: ], including the demodulation reference symbol. The result is an array of samples, 14 in the time axis t times 4096 in the frequency axis f. The samples represent the data symbols (in OFDM-symbol 0,1,3,4,5,6,8,9,10,12,13 in each slot) and demodulation reference symbols (OFDM symbol 2, 7, 11 in each slot) in the allocated RBs and inband emissions in the non-allocated RBs within the transmission BW.
Only the allocated resource blocks in the frequency domain are used for equalisation.
The nominal demodulation reference symbols and nominal data symbols are used to equalize the measured data symbols. (Location for equalization see Figure E.2.5-1)
NOTE:	The nomenclature inside this note is local and not valid outside.
The nominal data symbols are created by a demodulation process. The location to gain the demodulated data symbols is “EVM” in Figure E.2.5-1. For CP-OFDM, the process described in Annex E.5 can be applied. A demodulation process as follows is recommended for DFT-s-OFDM:
1.	Equalize the measured data symbols using the reference symbols for equalisation. Result: Equalized data symbols
2.	Only for DFT-s-OFDM, iDFT transform the equalized data symbols: Result: Equalized data symbols
3.	Decide for the nearest constellation point: Result: Nominal data symbols
4.	Only for DFT-s-OFDM, DFT transform the nominal data symbols: Result: Nominal data symbols
At this stage we have an array of Measured data-Symbols and reference-Symbols (MS(f,t))
versus an array of Nominal data-Symbols and reference Symbols (NS(f,t))
(complex, the arrays comprise 11 data symbols and 3 demodulation reference symbol in the time axis and the number of allocated subcarriers in the frequency axis.)
MS(f,t) and NS(f,t) are processed with a least square (LS) estimator, to derive one equalizer coefficient per time slot and per allocated subcarrier. EC(f) is defined as
[image: ].

With * denoting complex conjugation.
EC(f) are used to equalize the DFT-coded data symbols. The measured DFT-coded data and the references symbols are equalized by:
Z’(f,t) = MS(f,t) . EC(f)
With . denoting multiplication.
Z’(f,t), restricted to the data symbol (excluding t=2,7,11) is used to calculate EVM, as described in E.4.1.
EC(f) is used in E.4.4.1 to calculate EVM equalizer spectral flatness.
NOTE:	The post FFT minimisation process is done over 14 symbols (11 DFT-coded data symbols and 3 reference symbols).
The samples of the non-allocated resource blocks within the transmission bandwidth configuration in the post FFT domain are called Y(f,t) (f covering the non-allocated subcarriers within the transmission bandwidth configuration, t covering the OFDM symbols during 1 slot).
[bookmark: _Toc27478735][bookmark: _Toc36227449]E.4	Derivation of the results
[bookmark: _Toc27478736][bookmark: _Toc36227450]E.4.1	EVM
For EVM create two sets of Z’(f,t)., according to the timing ” [image: ] –W/2 and [image: ] +W/2” using the equalizer coefficients from E.3.3.
Perform the iDFTs on Z’(f,t) in the case of DFT-s-OFDM waveform. The IDFT-decoding preserves the meaning of t but transforms the variable f (representing the allocated sub carriers) into another variable g, covering the same count and representing the demodulated symbols. The samples in the post IDFT domain are called iZ’(g, t). The equivalent ideal samples are called iI(g,t). Those samples of Z’(f,t), carrying the reference symbols (=symbol 2,7,11) are not iDFT processed.
The EVM is the difference between the ideal waveform and the measured and equalized waveform for the allocated RB(s)
[image: ],
where
t covers the count of demodulated symbols with the considered modulation scheme being active within the measurement period, (i.e. symbol 0,1,3,4,5,6,8,9,10,12,13 in each slot, |T|=11)
g covers the count of demodulated symbols with the considered modulation scheme being active within the allocated bandwidth. (|G|=12*[image: ] (with[image: ]: number of allocated resource blocks)). 
[image: ] are the samples of the signal evaluated for the EVM.
[image: ]is the ideal signal reconstructed by the measurement equipment, and
[image: ] is the average power of the ideal signal. For normalized modulation symbols [image: ] is equal to 1.
From the acquired samples 2n EVM values can be derived, n values for the timing [image: ] –W/2 and n values for the timing [image: ] +W/2 where n is as defined in Annex E.2.2.
[bookmark: _Toc27478737][bookmark: _Toc36227451]E.4.2	Averaged EVM
EVM is averaged over all basic EVM measurements.
The averaging comprises n UL slots

where n is as defined in Annex E.2.2for PUCCH, PUSCH.
The averaging is done separately for timing¦ [image: ] –W/2 and [image: ] +W/2 leading to[image: ] and [image: ]
[image: ] is compared against the test requirements.
[bookmark: _Toc27478738][bookmark: _Toc36227452]E.4.3	In-band emissions measurement
The in-band emissions are a measure of the interference falling into the non-allocated resources blocks.
Explanatory Note:
The inband emission measurement is only meaningful with allocated RB(s) next to non-allocated RB. The allocated RB(s) are necessary but not under test. The non-allocated RBs are under test. The RB allocation for this test is as follows: The allocated RB(s) are at one end of the channel BW, leaving the other end unallocated. The number of allocated RB(s) is smaller than half of the number of RBs, available in the channel BW. This means that the vicinity of the carrier in the centre is unallocated.
There are 3 types of inband emissions:
1.	General
2.	IQ image
3.	Carrier leakage
Carrier leakage are inband emissions next to the carrier.
IQ image are inband emissions symmetrically (with respect to the carrier) on the other side of the allocated RBs.
General are applied to all unallocated RBs.
For each evaluated RB, the minimum requirement is calculated as the higher of PRB - 30 dB and the power sum of all limit values (General, IQ Image or Carrier leakage) that apply.
In specific the following combinations:
-	Power (General)
-	Power (General + Carrier leakage)
-	Power (General + IQ Image)
	1 and 2 is expressed in terms of power in one non allocated RB under test, normalized to the average power of an allocated RB (unit dB).
	3 is expressed in terms of power in one non allocated RB, normalized to the power of all allocated RBs. (unit dBc).
This is the reason for two formulas Emissions relative.
Create one set of Y(t,f) per slot according to the timing “[image: ]”
For the non-allocated RBs below the in-band emissions are calculated as follows
[image: ],
where
the upper formula represents the in band emissions below the allocated frequency block and the lower one the in band emissions above the allocated frequency block.
[image: ] is a set of [image: ] DFT-s-OFDM symbols with the considered modulation scheme being active within the measurement period,
[image: ] is the starting frequency offset between the allocated RB and the measured non-allocated RB (e.g. [image: ] for the first upper or [image: ] for the first lower adjacent RB),
[image: ]and [image: ]are the lower and upper edge of the UL transmission BW configuration,
[image: ] and [image: ] are the lower and upper edge of the allocated BW,
[image: ]is the SCS, and
[image: ] is the frequency domain signal evaluated for in-band emissions as defined in the clause E.3.3
The allocated RB power per RB and the total allocated RB power are given by:
	[image: ]
	[image: ]
The relative in-band emissions, applicable for General and IQ image, are given by:
[image: ]
where
[image: ] is the number of allocated resource blocks,
and
[image: ] is the frequency domain samples for the allocated bandwidth, as defined in the clause E.3.3.
The relative in-band emissions, applicable for carrier leakage, is given by:
[image: ]	
where DCRB is one RB or one pair of RBs, depending whether the DC carrier is inside an RB or in-between two RBs.
Although an exclusion period may be applicable in the time domain, when evaluating EVM, the inband emissions measurement interval is defined over one complete slot in the time domain.
From the acquired samples n functions for general in band emissions and IQ image inband emissions can be derived, where n is as defined in Annex E.2.2. n values or n pairs of carrier leakage inband emissions can be derived. They are compared against different limits after the final averaging:
The in-band emissions are averaged over the n samples (equivalent to 10 UL subframes):

	

	

	

[bookmark: _Toc27478739][bookmark: _Toc36227453]E.4.4	EVM equalizer
[bookmark: _Toc27478740][bookmark: _Toc36227454][bookmark: _Hlk523465091]E.4.4.1	EVM equalizer spectrum flatness


For EVM equalizer spectrum flatness use EC(f) as defined in E.3.3. Note, EC(f) represents equalizer coefficient ，f is the allocated subcarriers within the transmission bandwidth ((|F|=12*)
From the acquired samples n functions EC(f) can be derived, where n is as defined in Annex E.2.2.
EC(f) is broken down to 2 functions:

	

	
Where Range 1 and Range 2 are as defined for Clause 6.4.2.4 in Table 6.4.2.4.5-1 for normal condition and Table 6.4.2.4.5-2 for extreme condition and for Clause 6.4.2.5 as in Table 6.4.2.5.5-1.
The following peak to peak ripple is calculated:

 ,which denote the maximum ripple in Range 1

,which denote the maximum ripple in Range 2

,which denote the maximum ripple between the upper side of Range 1 and lower side of Range 2

 ,which denote the maximum ripple between the upper side of Range 2 and lower side of Range 1
[bookmark: _Toc27478741][bookmark: _Toc36227455]E.4.4.2	EVM equalizer spectral shaping filter


The calculation of the impulse response of the spectral shaping filter is based on EC(f) as defined in E.3.3. Note that EC(f) represents complex valued equalizer coefficient with ，where f is the allocated subcarriers within the transmission bandwidth (|F|=12*).
EC’(f) is the corrected version of EC(f) by shifting by Tf. Tf is as defined in Clause E.3.2.

The impulse responses are the IDFT transformed equalizer coefficients:
, where f is the frequency of the M allocated subcarriers.
The impulse response is normalized to its first value. 


This is equivalent to defining the 0dB as 20log10│ãt(0)│.

From the acquired samples, n functions  can be derived, where n is as defined in Annex E.2.2. 
Note, that this method provides reasonable results only in the case of full allocations.
[bookmark: _Toc27478742][bookmark: _Toc36227456]E.4.5	Frequency error and Carrier leakage
See E.3.1.
[bookmark: _Toc27478743][bookmark: _Toc36227457]E.4.6	EVM of Demodulation reference symbols (EVMDMRS)
For the purpose of EVM DMRS, the steps E.2.2 to E.4.2 are repeated 6 times, constituting 6 EVM DMRS sub-periods. The only purpose of the repetition is to cover the longer gross measurement period of EVM DMRS ([image: ] time slots) and to derive the FFT window timing per sub-period.


The bigger of the EVM results in one n TS period corresponding to the timing¦  –W/2 or  +W/2 is compared against the limit, where n is as defined in Annex E.2.2. (Clause E.4.2) This timing is re-used for EVM DMRS in the equivalent EVM DMRS sub-period.
For EVM the demodulation reference symbols are excluded, while the data symbols are used. For EVMDMRS the data symbols are excluded, while the demodulation references symbols are used. This is illustrated in figure E.4.6-1




Figure E.4.6-1: EVMDMRS measurement points

Re-use the following formula from E.3.3:
Z’(f,t) = MS(f,t) . EC(f)
To calculate EVMDMRS , the data symbol (t=0,1,3,4,5,6,8,9,10,12,13) in Z’(f,t) are excluded and only the reference symbols (t=2,7,11) areis used.
The EVM DMRS is the difference between the ideal waveform and the measured and equalized waveform for the allocated RB(s)

,
where
t covers the count of demodulation reference symbols (i.e. symbols 2,7,11 in each slot, so count=3)


f covers the count of demodulation reference symbols within the allocated bandwidth. (|F|=12* (with: number of allocated resource blocks)). 

 are the samples of the signal evaluated for the EVM DMRS

is the ideal signal reconstructed by the measurement equipment, and


 is the average power of the ideal signal. For normalized modulation symbols  is equal to 1.
n such results are generated per measurement sub-period, where n is as defined in Annex E.2.2.
[bookmark: _Toc27478744][bookmark: _Toc36227458]E.4.6.1	1st average for EVM DMRS
EVM DMRS is averaged over all basic EVM DMRS measurements in one sub-period
The averaging comprises n UL slots
[image: ],
where n is as defined in Annex E.2.2.
The timing is taken from the EVM for the data. 6 of those results are achieved from the samples. In general the timing is not the same for each result.
[bookmark: _Toc27478745][bookmark: _Toc36227459]E.4.6.2	Final average for EVM DMRS
[image: ]
[bookmark: _Toc21344578][bookmark: _Toc29802066][bookmark: _Toc29802490][bookmark: _Toc29803115][bookmark: _Toc36107857][bookmark: _Toc37251631][bookmark: _Toc45888570][bookmark: _Toc45889169][bookmark: _Toc59650547][bookmark: _Toc61357819][bookmark: _Toc61359593][bookmark: _Toc67916533][bookmark: _Toc75534079][bookmark: _Toc75819965][bookmark: _Toc76508809][bookmark: _Toc76717759][bookmark: _Toc83294400][bookmark: _Toc84335439][bookmark: _Toc27478746][bookmark: _Toc36227460]
E.4.7	Modified signal under test
Implicit in the definition of EVM is an assumption that the receiver is able to compensate a number of transmitter impairments.
The DFT-s-OFDM modulated signals or PRACH signal under test is modified and, in the case of DFT-s-OFDM modulated signals, decoded according to:


where

 is the time domain samples of the signal under test.
The CP-OFDM modulated signals or PUSCH demodulation reference signal or PUCCH data signal under test is equalised and, in the case of CP-OFDM modulated signals decoded according to:


where

 is the time domain samples of the signal under test.
To minimize the error, the signal under test should be modified with respect to a set of parameters following the procedure explained below.
Notation:

 is the sample timing difference between the FFT processing window in relation to nominal timing of the ideal signal.

 is the RF frequency offset.

 is the phase response of the TX chain.

 is the amplitude response of the TX chain.



In the following  represents the middle sample of the EVM window of length  (defined in the next clauses) or the last sample of the first window half if is even.
The EVM analyser shall


-	detect the start of each slot and estimate  and ,


-	determine  so that the EVM window of length  is centred
-	on the time interval determined by the measured cyclic prefix minus 16κ samples of the considered OFDM symbol for symbol l for subcarrier spacing configuration µ in a subframe, with l = 0 or l = 7*2^µ for normal CP, i.e. the first 16κ samples of the CP should not be taken into account for this step. In the determination of the number of excluded samples, a sampling rate of 1/Tc is assumed. If a different sampling rate is used, the number of excluded samples is scaled linearly.
-	on the measured cyclic prefix of the considered OFDM symbol for all other symbols for normal CP and for symbol 0 to 11 for extended CP.
-	on the measured preamble cyclic prefix for the PRACH

To determine the other parameters a sample timing offset equal to  is corrected from the signal under test. The EVM analyser shall then

-	correct the RF frequency offset for each time slot, and
-	apply an FFT of appropriate size. The chosen FFT size shall ensure that in the case of an ideal signal under test, there is no measured inter-subcarrier interference.
The carrier leakage shall be removed from the evaluated signal before calculating the EVM and the in-band emissions; however, the removed relative carrier leakage power also has to satisfy the applicable requirement.

At this stage the allocated RBs shall be separated from the non-allocated RBs. In the case of PUCCH and PUSCH EVM, the signal on the non-allocated RB(s), , is used to evaluate the in-band emissions.
Moreover, the following procedure applies only to the signal on the allocated RB(s).


-	In the case of PUCCH and PUSCH, the UL EVM analyzer shall estimate the TX chain equalizer coefficients and  used by the ZF equalizer for all subcarriers by time averaging at each signal subcarrier of the amplitude and phase of the reference and data symbols. The time-averaging length is 1 slot. This process creates an average amplitude and phase for each signal subcarrier used by the ZF equalizer. The knowledge of data modulation symbols may be required in this step because the determination of symbols by demodulation is not reliable before signal equalization.





-	In the case of PRACH, the UL EVM analyzer shall estimate the TX chain coefficients and  used for phase and amplitude correction and are selected so as to minimize the resulting EVM. The TX chain coefficients are not dependent on frequency, i.e.  and . The TX chain coefficient are chosen independently for each preamble transmission and for each .













At this stage estimates of , ,  and  are available.  is one of the extremities of the window , i.e. can be  or , where  if  is odd and  if is even. The EVM analyser shall then


-	calculate EVMl with  set to ,


-	calculate EVMh with  set to .
For the EVM calculation on the symbols with a transient period when the UE signals a transient period capability (tp) of 2, 4 or 7usec,  is given below.
-	calculate EVMl_tp with  set to, where is 1/Tc the sampling rate
-	calculate EVMh_tp with  set to, where 1/Tc is the sampling rate and the CP is the cyclic prefix of the symbol on which EVM is calculated (e.g. long CP for the first symbol of the slot) in seconds
A pictorial representation of the EVM measurement windows is given in Figure F.4-1.

Figure E.4.7-1: EVM measurement window
E.4.8	EVM measurement for dual Tx
For UE with dual transmission antennas, if UE indicates IE [txDiversity-r16], EVM is measured at each antenna connector to get EVM1 and EVM2, and the total EVM is calculated by values of EVM1 and EVM2 with weighting factor of linear power at each antenna connector.

where P1 and P2 denote the linear power measured at each antenna connector respectively.
E.5	EVM and inband emissions for PUCCH
For the purpose of worst case testing, the PUCCH shall be located on the edges of the Transmission Bandwidth Configuration.
The EVM for PUCCH (EVMPUCCH) is averaged over n slots, where n is as defined in Annex E.2.2.
At least n TSs shall be transmitted by the UE without power change. SRS multiplexing shall be avoided during this period. The following transition periods are applicable: One OFDM symbol on each side of the slot border (instant of band edge alternation).
The description below is generic in the sense that all 5 PUCCH formats are covered. Although the number of OFDM symbols in one slot can be different from 14 (depending on the format, configuration and cyclic prefix length), the text below uses 14 without excluding the others.
[bookmark: _Toc27478747][bookmark: _Toc36227461]E.5.1	Basic principle
The basic principle is the same as described in E.2.1
[bookmark: _Toc27478748][bookmark: _Toc36227462]E.5.2	Output signal of the TX under test
The output signal of the TX under test is processed same as described in E.2.2
[bookmark: _Toc27478749][bookmark: _Toc36227463]E.5.3	Reference signal
The reference signal is defined same as in E.2.3. Same as in E.2.3, i1(ν) is the ideal reference for EVMPUCCH and i2(ν) is used to estimate the FFT window timing.
Note PUSCH is off during the PUCCH measurement period.
[bookmark: _Toc27478750][bookmark: _Toc36227464]E.5.4	Measurement results
The measurement results are:
-	EVMPUCCH
-	Inband emissions with the sub-results: General in-band emission, IQ image (according to: 38.101. Annex F.4, Clause starting with: “At this stage the ….”)
[bookmark: _Toc27478751][bookmark: _Toc36227465]E.5.5	Measurement points
The measurement points are illustrated in Figure E.2.5-1.

[bookmark: _Toc27478752][bookmark: _Toc36227466]E.5.6	Pre FFT minimization process
The pre FFT minimisation process is the same as describes in clause E.3.1.
NOTE:	although an exclusion period for EVMPUCCH is applicable in E.5.9.1, the pre FFT minimisation process is done over the complete slot.
RF error, and carrier leakage are necessary for best fit of the measured signal towards the ideal signal in the pre FFT domain. However they are not used to compare them against the limits.
[bookmark: _Toc27478753][bookmark: _Toc36227467]E.5.7	Timing of the FFT window
Timing of the FFT window is estimated with the same method as described in E.3.2.
[bookmark: _Toc27478754][bookmark: _Toc36227468]E.5.8	Post FFT equalisation
The post FFT equalisation is described separately without reference to E.3.3:

Perform 14 FFTs on z’(ν), one for each OFDM symbol in a slot using the timing , including the demodulation reference symbol. The result is an array of samples, 14 in the time axis t times 4096 in the frequency axis f. The samples represent the OFDM symbols (data and reference symbols) in the allocated RBs and inband emissions in the non-allocated RBs within the transmission BW. 
Only the allocated resource blocks in the frequency domain are used for equalisation.
The nominal reference symbols and nominal OFDM data symbols are used to equalize the measured data symbols.
Note: (The nomenclature inside this note is local and not valid outside)
The nominal OFDM data symbols are created by a demodulation process. A demodulation process as follows is recommended:
1. Equalize the measured OFDM data symbols using the reference symbols for equalisation. Result: Equalized OFDM data symbols
2. Decide for the nearest constellation point, however not independent for each subcarrier in the RB. 12 constellation points are decided dependent, using the applicable CAZAC sequence. Result: Nominal OFDM data symbols
At this stage we have an array of Measured data-Symbols and reference-Symbols (MS(f,t))
versus an array of Nominal data-Symbols and reference Symbols (NS(f,t))
The arrays comprise in sum 14 data and reference symbols, depending on the PUCCH format, in the time axis and the number of allocated sub-carriers in the frequency axis.
MS(f,t) and NS(f,t) are processed with a least square (LS) estimator, to derive one equalizer coefficient per time slot and per allocated subcarrier. EC(f)

	
With * denoting complex conjugation.
EC(f) are used to equalize the OFDM data together with the demodulation reference symbols by:
	Z’(f,t) = MS(f,t) . EC(f)
With . denoting multiplication.
Z’(f,t) is used to calculate EVMPUCCH, as described in E.5.9 1
NOTE:	although an exclusion period for EVMPUCCH is applicable in E.5.9.1, the post FFT minimisation process is done over 14 OFDM symbols.
The samples of the non-allocated resource blocks within the transmission bandwidth configuration in the post FFT domain are called Y(f,t) (f covering the non-allocated subcarriers within the transmission bandwidth configuration, t covering the OFDM symbols during 1 slot).
[bookmark: _Toc27478755][bookmark: _Toc36227469]E.5.9	Derivation of the results
[bookmark: _Toc27478756][bookmark: _Toc36227470]E.5.9.1	EVMPUCCH


For EVMPUCCH create two sets of Z’(f,t)., according to the timing ”  –W/2 and  +W/2” using the equalizer coefficients from E.5.8
The EVMPUCCH is the difference between the ideal waveform and the measured and equalized waveform for the allocated RB(s)

	,
where
the OFDM symbols next to transition boarders (instant of PUCCH frequency hopping) are excluded:
t covers less than the count of demodulated symbols in the slot (|T|= 12)
f covers the count of subcarriers within the allocated bandwidth. (|F|=12)

 are the samples of the signal evaluated for the EVMPUCCH

is the ideal signal reconstructed by the measurement equipment, and


 is the average power of the ideal signal. For normalized modulation symbols  is equal to 1.


From the acquired samples 2n EVMPUCCH value can be derived, n values for the timing  –W/2 and n values for the timing  +W/2, where n is as defined in Annex E.2.2.
[bookmark: _Toc27478757][bookmark: _Toc36227471]E.5.9.2	Averaged EVMPUCCH
EVMPUCCH is averaged over all basic EVMPUCCH measurements
The averaging comprises n UL slots 
[image: ], 
where n is as defined in Annex E.2.2.




The averaging is done separately for timing¦  –W/2 and  +W/2 leading to and 

is compared against the test requirements.
[bookmark: _Toc27478758][bookmark: _Toc36227472]E.5.9.3	In-band emissions measurement
The in-band emissions are a measure of the interference falling into the non-allocated resources blocks

Create one set of Y(t,f) per slot according to the timing “”
For the non-allocated RBs the in-band emissions are calculated as follows

	,
where
the upper formula represents the inband emissions below the allocated frequency block and the lower one the inband emissions above the allocated frequency block.


 is a set of OFDM symbols in the measurement period,



 is the starting frequency offset between the allocated RB and the measured non-allocated RB (e.g.  for the first upper or  for the first lower adjacent RB),


and are the lower and upper edge of the UL UE channel bandwidth


 and  are the lower and upper edge of the allocated BW,

is the SCS, and

 is the frequency domain signal evaluated for in-band emissions as defined in the clause E.5.8.
The relative in-band emissions are, given by


where

is the number of allocated RBs,

 and  is the frequency domain samples for the allocated bandwidth, as defined in the subsection E.5.8
Although an exclusion period for EVM is applicable in E.5.9.1, the inband emissions measurement interval is defined over one complete slot in the time domain.
From the acquired samples n functions for inband emissions can be derived, where n is as defined in Annex E.2.2.
The in-band emissions are averaged over the n samples (equivalent to 10 UL subframes) with the same PUCCH position to prevent averaging of allocated and non-allocated RBs due to PUCCH frequency hopping:




Since the PUCCH allocation is always on the upper or lower band-edge, the opposite of the allocated one represents the IQ image, and the remaining inner RBs represent the general inband emissions. They are compared against different limits.
E.5.9.4	EVM measurement for dual Tx
For UE with dual transmission antennas, if UE indicates IE [txDiversity-r16], EVM is measured at each antenna connector to get EVM1 and EVM2, and the total EVM is calculated by values of EVM1 and EVM2 with weighting factor of linear power at each antenna connector.

where P1 and P2 denote the linear power measured at each antenna connector respectively.
[bookmark: _Toc27478759][bookmark: _Toc36227473]E.6	EVM for PRACH
The description below is generic in the sense that all PRACH formats are covered. The numbers, used in the text below are taken from PRACH format#0 without excluding the other formats. The sampling rate for PRACH is assumed as , 30.72 Msps in the time domain.
[bookmark: _Toc27478760][bookmark: _Toc36227474]E.6.1	Basic principle
The basic principle is the same as described in E.2.1
[bookmark: _Toc27478761][bookmark: _Toc36227475]E.6.2	Output signal of the TX under test
The output signal of the TX under test is processed same as described in E.2.2
The measurement period is different since 2 PRACH preambles are recorded for long preamble formats as defined in Table 6.3.3.1-1 in [8] and 10 preambles are recorded for short preamble formats as defined in Table 6.3.3.1-2 in [8].
[bookmark: _Toc27478762][bookmark: _Toc36227476]E.6.3	Reference signal
The test description in 6.4.2.1.4.1 is based on non-contention based access:
-	PRACH configuration index (responsible for Preamble format, System frame number and subframe number)
-	Preamble ID
-	Preamble power
signalled to the UE, defines the reference signal unambiguously, such that no demodulation process is necessary to gain the reference signal.
The reference signal i(ν) is constructed by the measuring equipment according to the relevant TX specifications, using the following parameters: the applicable Zadoff Chu sequence, nominal carrier frequency, nominal amplitude and phase for each subcarrier, nominal timing, no carrier leakage. It is represented as a sequence of samples at a sampling rate of 122.88 Msps in the time domain.
[bookmark: _Toc27478763][bookmark: _Toc36227477]E.6.4	Measurement results
The measurement result is:
-	EVMPRACH
[bookmark: _Toc27478764][bookmark: _Toc36227478]E.6.5	Measurement points
The measurement points are illustrated in the figure below:
[image: ]
Figure E.6.5-1:Measurement points

[bookmark: _Toc27478765][bookmark: _Toc36227479]E.6.6	Pre FFT minimization process
The pre-FFT minimization process is applied to each PRACH preamble separately. The time period for the pre- FFT minimisation process includes the complete CP and Zadoff-Chu sequence (in other words, the power transition period is per definition outside of this time period) Sample timing, Carrier frequency and carrier leakage in z(ν) are jointly varied in order to minimise the difference between z(ν) and i(ν). Best fit (minimum difference) is achieved when the RMS difference value between z(ν) and i(ν) is an absolute minimum.
After this process the samples z(ν) are called z0(ν).
RF error, and carrier leakage are necessary for best fit of the measured signal towards the ideal signal in the pre FFT domain. However they are not used to compare them against the limits.
[bookmark: _Toc27478766][bookmark: _Toc36227480]E.6.7	Timing of the FFT window
The FFT window length is 24576 samples for preamble format 0, however in the measurement period at least 27744 samples are taken. The position in time for FFT must be determined.
In an ideal signal, the FFT may start at any instant within the cyclic prefix without causing an error. The TX filter, however, reduces the window. The EVM requirements shall be met within a window W<CP.

The reference instant for the FFT start is the centre of the reduced window, called , 


EVM is measured at the following two instants:  –W/2 and  +W/2. 
The timing of the measured signal z0(ν) with respect to the ideal signal i(ν) is determined in the pre FFT domain as follows:
Correlation between z0(ν) and i(ν) will result in a correlation peak. The meaning of the correlation peak is approx. the “impulse response” of the TX filter. The correlation peak, (the highest, or in case of more than one, the earliest) indicates the timing in the measured signal with respect to the ideal signal.





W is different for different preamble formats and shown in Table E.6.7-1 for  and  in Table E.6.7-2 for  and  where.

Table E.6.7-1: EVM window length for PRACH formats for 
	Preamble format
	
Cyclic prefix length 
	Nominal FFT size1
	EVM window length W in FFT samples
	Ratio of W to CP*

	0
	3168
	24576
	2307
	72.8%

	1
	21024
	24576
	20163
	95.9%

	2
	4688
	24576
	3827
	81.6%

	3
	3168
	6144
	2952
	93.2%

	Note 1:	The use of other FFT sizes is possible as long as appropriate scaling of the window length is applied
Note 2:	These percentages are informative




Table E.6.7-2: EVM window length for PRACH formats for 
	Preamble format
	
Cyclic prefix length 
	Nominal FFT size1
	EVM window length W in FFT samples
	Ratio of W to CP*

	A1
	2882-
	20482-
	1442-
	50.0%

	A2
	5762-
	20482-
	4322-
	75.0%

	A3
	8642-
	20482-
	7202-
	83.3%

	B1
	2162-
	20482-
	722-
	33.3%

	B2
	3602-
	20482-
	2162-
	60.0%

	B3
	5042-
	20482-
	3602-
	71.4%

	B4
	9362-
	20482-
	7922-
	84.6%

	C0
	12402-
	20482-
	10962-
	88.4%

	C2
	20482-
	20482-
	19042-
	93.0%

	Note 1:	The use of other FFT sizes is possible as long as appropriate scaling of the window length is applied
Note 2:	These percentages are informative



The number of samples, used for FFT is reduced compared to z0(ν). This subset of samples is called z’ (ν).
EVM is based on Nominal FFT size samples per PRACH preamble and demodulated symbol.
[bookmark: _Toc27478767][bookmark: _Toc36227481]E.6.8	Post FFT equalisation
Equalisation is not applicable for the PRACH.
[bookmark: _Toc27478768][bookmark: _Toc36227482]E.6.9	Derivation of the results
[bookmark: _Toc27478769][bookmark: _Toc36227483]E.6.9.1	EVMPRACH


Perform FFT on z’(ν) and i(ν) using the FFT timing  –W/2 and  +W/2.
For format 2 and 3 the first and the repeated preamble sequence are FFT-converted separately. using the standard FFT length of 2048.
The EVMPRACH is the difference between the ideal waveform and the measured and equalized waveform for the allocated RB(s). 


,
where
	t covers the count of demodulated symbols in the slot.
	f covers the count of demodulated symbols within the allocated bandwidth.

	 are the samples of the signal evaluated for the EVMPRACH

	is the ideal signal reconstructed by the measurement equipment, and


	 is the average power of the ideal signal. For normalized modulation symbols  is equal to 1.


From the acquired samples 2m EVMPRACH values can be derived, m values for the timing  –W/2 and m values for the timing  +W/2, where m is the number of recorded preambles as defined in Annex E.6.2.
[bookmark: _Toc27478770][bookmark: _Toc36227484]E.6.9.2	Averaged EVMPRACH

The PRACH EVM, , is averaged over m preamble sequence measurements.

,




where m is the number of recorded preambles as defined in Annex E.6.2.The averaging is done separately for timing¦  –W/2 and  +W/2 leading to and 

is compared against the test requirements.
E.6.9.3	EVM measurement for dual Tx
For UE with dual transmission antennas, if UE indicates IE [txDiversity-r16], EVM is measured at each antenna connector to get EVM1 and EVM2, and the total EVM is calculated by values of EVM1 and EVM2 with weighting factor of linear power at each antenna connector.

where P1 and P2 denote the linear power measured at each antenna connector respectively.
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