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Foreword

This Technical Report has been produced by the 3rd Generation Partnership Project (3GPP).

The contents of the present document are subject to continuing work within the TSG and may change following formal TSG approval. Should the TSG modify the contents of the present document, it will be re-released by the TSG with an identifying change of release date and an increase in version number as follows:

Version x.y.z

where:

x
the first digit:

1
presented to TSG for information;

2
presented to TSG for approval;

3
or greater indicates TSG approved document under change control.

y
the second digit is incremented for all changes of substance, i.e. technical enhancements, corrections, updates, etc.

z
the third digit is incremented when editorial only changes have been incorporated in the document.

1
Scope
The present document describes the physical channels and signals for 5G-NR.

2
References

The following documents contain provisions which, through reference in this text, constitute provisions of the present document.

[1]
3GPP TR 21.905: "Vocabulary for 3GPP Specifications".
[2]
3GPP TS 38.201: "NR; Physical Layer – General Description"
[3]
3GPP TS 38.202: "NR; Services provided by the physical layer"
[4]
3GPP TS 38.212: "NR; Multiplexing and channel coding"
[5]
3GPP TS 38.213: "NR; Physical layer procedures for control "
[6]
3GPP TS 38.214: "NR; Physical layer procedures for data "
[7]
3GPP TS 38.215: "NR; Physical layer measurements"
3
Definitions, symbols and abbreviations

3.1
Definitions
For the purposes of the present document, the following definitions apply:

3.2
Symbols

For the purposes of the present document, the following symbols apply:

3.3
Abbreviations

For the purposes of the present document, the following abbreviations apply:
4
Frame structure and physical resources
4.1
General
Throughout this specification, unless otherwise noted, the size of various fields in the time domain is expressed as a number of time units 
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4.2
Numerologies

Multiple OFDM numerologies are supported as given by Table 4.2-1 where 
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 and the cyclic prefix for a carrier bandwidth part are given by the higher-layer parameters DL-BWP-mu and DL-BWP-cp for the downlink and UL-BWP-mu and UL-BWP-cp for the uplink. 
Table 4.2-1: Supported transmission numerologies.
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	Cyclic prefix

	0
	15
	Normal

	1
	30
	Normal

	2
	60
	Normal, Extended

	3
	120
	Normal

	4
	240
	Normal

	5
	480
	Normal


4.3
Frame structure

4.3.1
Frames and subframes

Downlink and uplink transmissions are organized into frames with 
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 duration each. The number of consecutive OFDM symbols per subframe is 
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. Each frame is divided into two equally-sized half-frames of five subframes each with half-frame 0 consisting of subframes 0 – 4 and half-frame 1 consisting of subframes 5 – 9.
There is one set of frames in the uplink and one set of frames in the downlink on a carrier. 
Transmission of uplink frame number 
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Figure 4.3.1-1: Uplink-downlink timing relation
4.3.2
Slots

For subcarrier spacing configuration 
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 depends on the cyclic prefix as given by Tables 4.3.2-1 and 4.3.2-2. The start of slot 
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 in a subframe is aligned in time with the start of OFDM symbol 
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Table 4.3.2-1: Number of OFDM symbols per slot, 
[image: image26.wmf]slot

symb

N

, for normal cyclic prefix.
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	0
	14
	10
	1

	1
	14
	20
	2

	2
	14
	40
	4

	3
	14
	80
	8

	4
	14
	160
	16

	5
	14
	320
	32


Table 4.3.2-2: Number of OFDM symbols per slot, 
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	12
	40
	4


Table 4.3.2-3: Slot formats.

	SFI
	Symbols used in DL
	GP
	Symbols used in UL

	0
	
	
	

	1
	
	
	

	2
	
	
	

	3
	
	
	

	4
	
	
	

	5
	
	
	

	6
	
	
	

	7
	
	
	


4.4
Physical resources

4.4.1
Antenna ports

An antenna port is defined such that the channel over which a symbol on the antenna port is conveyed can be inferred from the channel over which another symbol on the same antenna port is conveyed. 
Two antenna ports are said to be quasi co-located if the large-scale properties of the channel over which a symbol on one antenna port is conveyed can be inferred from the channel over which a symbol on the other antenna port is conveyed. The large-scale properties include one or more of delay spread, Doppler spread, Doppler shift, average gain, average delay, and spatial Rx parameters. 

4.4.2
Resource grid
For each numerology and carrier, a resource grid of 
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 is given by Table 4.4.2-1 and 
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 is DL or UL for downlink and uplink, respectively. When there is no risk for confusion, the subscript 
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 may be dropped. There is one resource grid per antenna port 
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, per subcarrier spacing configuration 
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, and per transmission direction (downlink or uplink). 
Table 4.4.2-1: Minimum and maximum number of resource blocks.
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	0
	24
	275
	24
	275

	1
	24
	275
	24
	275

	2
	24
	275
	24
	275

	3
	24
	275
	24
	275

	4
	24
	138
	24
	138

	5
	24
	69
	24
	69


4.4.3
Resource elements
Each element in the resource grid for antenna port 
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 and subcarrier spacing configuration 
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 is called a resource element and is uniquely identified by the index pair 
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 refers to the symbol position in the time domain. 
Resource element 
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. When there is no risk for confusion, or no particular antenna port or subcarrier spacing is specified, the indices 
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A resource element is classified as ‘uplink’, ‘downlink’, ‘flexible’, or ‘reserved’.

-
If a resource element is configured as ‘reserved’, the UE shall neither transmit anything on that resource element in the uplink, nor make any assumption on the contents of the resource element in the downlink.
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Figure 4.4.3-1: Resource grid and resource block
4.4.4
Resource blocks
A physical resource block is defined as 
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 consecutive subcarriers in the frequency domain. 
Physical resource blocks on a carrier are numbered from 0 to 
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 in the frequency domain. The relation between the physical resource block number 
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4.4.5
Carrier bandwidth part

A carrier bandwidth part is a contiguous subset of the physical resource blocks defined in clause 4.4.4 for a given numerology 
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 on a given carrier. The resource blocks in a carrier bandwidth part are numbered from 0 to 
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 is DL or UL for downlink and uplink, respectively, with 
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 being the offset between PRB 0 in the absolute resource block grid in clause 4.4.4 and PRB 0 in carrier bandwidth part number 
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 where the minimum and maximum values are given by Table 4.4.2-1.

A UE can be configured with one or more carrier bandwidth parts in the downlink with a single downlink carrier bandwidth parts being active at a given time. The UE is not expected to receive PDSCH or PDCCH outside an active bandwidth part.
A UE can be configured with one or more carrier bandwidth parts in the uplink with a single uplink carrier bandwidth parts being active at a given time. The UE shall not transmit PUSCH or PUCCH outside an active bandwidth part.

4.5
Carrier aggregation
Transmissions in multiple cells can be aggregated where up to fifteen secondary cells can be used in addition to the primary cell. Unless otherwise noted, the description in this specification applies to each of the up to sixteen serving cells. 
5
Generic functions

5.1
Modulation mapper
The modulation mapper takes binary digits, 0 or 1, as input and produces complex-valued modulation symbols as output. 

5.1.1
π/2-BPSK
In case of π/2-BPSK modulation, bit 
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5.1.2
BPSK

In case of BPSK modulation, bit 
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5.1.3
QPSK

In case of QPSK modulation, pairs of bits, 
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5.1.4
16QAM

In case of 16QAM modulation, quadruplets of bits, 
[image: image83.wmf])

3

(

),

2

(

),

1

(

),

(

+

+

+

i

b

i

b

i

b

i

b

, are mapped to complex-valued modulation symbols 
[image: image84.wmf]x

 according to


[image: image85.wmf](

)

(

)

(

)

(

)

(

)

(

)

[

]

)

3

(

2

1

2

)

1

(

2

1

)

2

(

2

1

2

)

(

2

1

10

1

+

-

-

+

-

+

+

-

-

-

=

i

b

i

b

j

i

b

i

b

x


5.1.5
64QAM

In case of 64QAM modulation, hextuplets of bits, 
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5.1.6
256QAM

In case of 256QAM modulation, octuplets of bits, 
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5.2
Sequence generation

5.2.1
Pseudo-random sequence generation
Pseudo-random sequences are defined by a length-31 Gold sequence. The output sequence 
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5.2.2
Zadoff-Chu-based sequence generation
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5.3
OFDM baseband signal generation

The time-continuous signal 
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The starting position of OFDM symbol 
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 for subcarrier spacing configuration 
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in a subframe is given by
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The time-continuous signal 
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The starting position of the PRACH preamble in a subframe is given by 
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5.4
Modulation and upconversion

Modulation and upconversion to the carrier frequency 
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 of the complex-valued OFDM baseband signal for antenna port 
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 and subcarrier spacing configuration 
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 is given by 
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6
Uplink

6.1
Overview

6.1.1
Overview of physical channels
An uplink physical channel corresponds to a set of resource elements carrying information originating from higher layers. The following uplink physical channels are defined:

-
Physical Uplink Shared Channel, PUSCH

-
Physical Uplink Control Channel, PUCCH
-
Physical Random Access Channel, PRACH
6.1.2
Overview of physical signals
An uplink physical signal is used by the physical layer but does not carry information originating from higher layers. The following uplink physical signals are defined:

-
Demodulation reference signals, DM-RS

-
Phase-tracking reference signals, PT-RS

-
Sounding reference signal, SRS
6.2
Physical resources
The frame structure and physical resources the UE shall use when transmitting in the uplink transmissions are defined in Clause 4.
The following antenna ports are defined for the uplink:
-
Antenna ports starting with 1000 for demodulation reference signals associated with PUSCH

-
Antenna ports starting with 2000 for demodulation reference signals associated with PUCCH

-
Antenna ports starting with 3000 for sounding reference signals
-
Antenna port 4000 for PRACH

6.3
Physical channels

6.3.1
Physical uplink shared channel
6.3.1.1
Scrambling

For each codeword 
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, the block of bits 
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 transmitted on the physical channel, shall be scrambled prior to modulation, resulting in a block of scrambled bits 
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where the scrambling sequence 
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6.3.1.2
Modulation
For each codeword 
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, the block of scrambled bits 
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 shall be modulated as described in clause 5.1 using one of the modulation schemes in Table 6.3.1.2-1, resulting in a block of complex-valued modulation symbols 
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Table 6.3.1.2-1: Supported modulation schemes.

	Transform precoding disabled
	Transform precoding enabled

	
	π/2-BPSK

	QPSK
	QPSK

	16QAM
	16QAM

	64QAM
	64QAM

	256QAM
	256QAM


6.3.1.3
Layer mapping

The complex-valued modulation symbols for each of the codewords to be transmitted shall be mapped onto up to four layers according to Table 7.3.1.3-1
. Complex-valued modulation symbols 
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6.3.1.4
Transform precoding

If transform precoding is not enabled, 
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If transform precoding is enabled, 
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 and the block of complex-valued symbols 
[image: image194.wmf])

1

(

),...,

0

(

layer

symb

)

0

(

)

0

(

-

M

x

x

 for the single layer 
[image: image195.wmf]0

=

l

 shall be divided into 
[image: image196.wmf]PUSCH

sc

layer

symb

M

M

 sets, each corresponding to one OFDM symbol. Transform precoding shall be applied according to



[image: image197.wmf]1

,...,

0

1

,...,

0

)

(

1

)

(

PUSCH

sc

layer

symb

PUSCH

sc

1

0

2

PUSCH

sc

)

0

(

PUSCH

sc

PUSCH

sc

)

0

(

PUSCH

sc

PUSCH

sc

-

=

-

=

+

×

=

+

×

å

-

=

-

M

M

l

M

k

e

i

M

l

x

M

k

M

l

y

M

i

M

ik

j

p


resulting in a block of complex-valued symbols 
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6.3.1.5
Precoding

The block of vectors 
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For non-codebook-based transmission, the precoding matrix 
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 is obtained as described in [clause 6.1.1 of TS38.214].

For codebook-based transmission, the precoding matrix 
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 is given by Table 6.3.1.5-1 with the TPMI index obtained from the DCI scheduling the uplink transmission.
Table 6.3.1.5-1: Precoding matrix 
[image: image210.wmf]W

 for 2 antenna ports.
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Table 6.3.1.5-2: Precoding matrix 
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 for 4 antenna ports and transform precoding enabled.

	TPMI index
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(ordered from left to right in increasing order of TPMI index)

	0 – 7
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6.3.1.6
Mapping to physical resources
For each of the antenna ports used for transmission of the PUSCH, the block of complex-valued symbols 
[image: image240.wmf])

1

(

),...,

0

(

ap

symb

)

(

)

(

-

M

z

z

p

p

 shall be multiplied with the amplitude scaling factor 
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 in order to conform to the transmit power 
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 specified in [5, TS 38.213] and mapped in sequence starting with 
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 which meet all of the following criteria: 

-
they are in the resources assigned for transmission, and
-
they are not used for transmission of the associated DM-RS in case of transform precoding enabled.
-
they are not in the OFDM symbols used for transmission of the associated DM-RS in case of transform precoding not enabled.

If transform precoding is not enabled, or if transform precoding is enabled but not frequency hopping, the mapping to resource elements 
[image: image245.wmf](
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 not reserved for other purposes shall be in increasing order of first the antenna port index 
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6.3.2
Physical uplink control channel
The physical uplink control channel supports multiple formats as shown in Table 6.3.2-1. Simultaneous transmission of two PUCCHs with format 0 or 2, or simultaneous transmission of one PUCCH with format 1 or 3 and one PUCCH with format 0 or 2 from a single UE is supported.
Table 6.3.2-1: PUCCH formats.

	PUCCH format
	Length in OFDM symbols
	Number of bits

	0
	1 – 2
	≤2

	1
	4 – 14
	≤2

	2
	1 – 2
	>2

	3
	4 – 14
	>N


6.3.2.1
PUCCH format 0
6.3.2.1.1
Sequence selection
Define a set of sequences 
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The block of bits 
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6.3.2.1.2
Mapping to physical resources

The sequence 
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6.3.2.2
PUCCH format 1
6.3.2.2.1
Sequence modulation
The block of bits 
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The complex-valued symbol 
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The block of complex-valued symbols 
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The orthogonal sequence 
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 is given by Table 6.3.2.2.1-1.

Table 6.3.2.2.1-1: orthogonal sequence for PUCCH format 1. 
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6.3.2.1.2
Mapping to physical resources

The sequence 
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 specified in [5, TS 38.213] and mapped in sequence starting with 
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 which meet all of the following criteria: 

-
they are in the resource blocks assigned for transmission,

-
they are not used by the associated DM-RS. 

The mapping to resource elements 
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6.3.2.3
PUCCH format 2
6.3.2.3.1
Scramling

The block of bits 
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 is the number of bits transmitted on the physical channel, shall be scrambled prior to modulation, resulting in a block of scrambled bits 
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where the scrambling sequence 
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6.3.2.3.2
Modulation
The block of scrambled bits 
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 shall be modulated as described in clause 5.1 using QPSK, resulting in a block of complex-valued modulation symbols 
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6.3.2.3.3
Mapping to physical resources

The block of modulation symbols 
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 shall be multiplied with the amplitude scaling factor 
[image: image293.wmf]PUCCH,2

b
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 specified in [5, TS 38.213] and mapped in sequence starting with 
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 which meet all of the following criteria: 

-
they are in the resource blocks assigned for transmission,

-
they are not used by the associated DM-RS. 

The mapping to resource elements 
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6.3.2.4
PUCCH format 3

6.3.3
Physical random access channel

6.3.3.1
Sequence generation

Random-access preamble 
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from which the frequency-domain representation shall be generated according to
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where 
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The cyclic shift 
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 is given by Tables 6.3.3.1-3 to 6.3.3.1-5, the higher-layer parameter restrictedSetConfig determines the type of restricted sets, and Tables 6.3.3.1-1 and 6.3.3.1-2 indicate the type of restricted sets supported for the different preamble formats. 
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For restricted set type B, the parameters are given by:
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For all other values of 
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, there are no cyclic shifts in the restricted set.
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	Unrestricted set
	Restricted set type A
	Restricted set type B
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	15
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	18
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6.3.3.2
Mapping to physical resources

The preamble sequence shall be mapped to physical resources according to
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 is an amplitude scaling factor in order to conform to the transmit power 
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 specified in [5, TS38.213], and 
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 is the antenna port. Baseband signal generation shall be done according to clause 5.3 using the parameters in Table 6.3.3.1-1 or Table 6.3.3.1-2.
6.4
Physical signals
6.4.1
Reference signals
6.4.1.1
Demodulation reference signal for PUSCH
6.4.1.1.1
Sequence generation

If transform precoding for PUSCH is not enabled, the reference-signal sequence 
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where the pseudo-random sequence 
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 is defined in clause 5.2.

If transform precoding for PUSCH is enabled, the reference-signal sequence 
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6.4.1.1.2
Mapping to physical resources

The PUSCH DM-RS shall be mapped to physical resources according to type 1 or type 2 as given by the higher-layer parameter UL-DMRS-config-type.

The UE shall map the sequence 
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 are given by Tables 6.4.1.1.2-1 and 6.4.1.1.2-2.

The quantity 
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 is defined relative to the start of the PUSCH transmission and the position of the first DM-RS symbol is given by 
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.
The position(s) of additional DM-RS symbols is given by 
[image: image410.wmf]l

 and the last OFDM symbol used for PUSCH in the slot according to Tables 6.4.1.1.2-3 and 6.4.1.1.2-4.

The time-domain index 
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  and the supported antenna ports 
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 depend on UL-DMRS-len
 according to Table 6.4.1.1.2-5.

Table 6.4.1.1.2-1: Parameters for PUSCH DM-RS configuration type 1 for single-symbol DM-RS.
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	1000
	0
	+1
	+1
	+1
	+1

	1001
	0
	+1
	-1
	+1
	+1

	1002
	1
	+1
	+1
	+1
	+1

	1003
	1
	+1
	-1
	+1
	+1

	1004
	0
	+1
	+1
	+1
	-1

	1005
	0
	+1
	-1
	+1
	-1

	1006
	1
	+1
	+1
	+1
	-1

	1007
	1
	+1
	-1
	+1
	-1


Table 6.4.1.1.2-2: Parameters for PUSCH DM-RS configuration type 2 for single-symbol DM-RS.
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	1000
	0
	+1
	+1
	+1
	+1

	1001
	0
	+1
	-1
	+1
	+1

	1002
	2
	+1
	+1
	+1
	+1

	1003
	2
	+1
	-1
	+1
	+1

	1004
	4
	+1
	+1
	+1
	+1

	1005
	4
	+1
	-1
	+1
	+1

	1006
	0
	+1
	+1
	+1
	-1

	1007
	0
	+1
	-1
	+1
	-1

	1008
	2
	+1
	+1
	+1
	-1

	1009
	2
	+1
	-1
	+1
	-1

	1010
	4
	+1
	+1
	+1
	-1

	1011
	4
	+1
	-1
	+1
	-1


Table 6.4.1.1.2-3: Additional PUSCH DM-RS positions 
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 when UL-DMRS-len equals 1.
	Position of last PUSCH symbol
	Additional DM-RS positions 
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	PUSCH mapping type A
	PUSCH mapping type B

	
	UL-DMRS-add-pos
	UL-DMRS-add-pos

	
	0
	1
	2
	3
	0
	1
	2
	3

	≤7
	-
	
	
	
	-
	
	
	

	8
	-
	
	
	
	-
	
	
	

	9
	-
	
	
	
	-
	
	
	

	10
	-
	
	
	
	-
	
	
	

	11
	-
	
	
	
	-
	
	
	

	12
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	13
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Table 6.4.1.1.2-4: Additional PUSCH DM-RS positions 
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 when UL-DMRS-len equals 2.

	Position of last PUSCH symbol
	Additional DM-RS positions 
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	PUSCH mapping type A
	PUSCH mapping type B

	
	UL-DMRS-add-pos
	UL-DMRS-add-pos

	
	0
	1
	2
	3
	0
	1
	2
	3

	≤7
	-
	
	
	
	-
	
	
	

	8
	-
	
	
	
	-
	
	
	

	9
	-
	
	
	
	-
	
	
	

	10
	-
	
	
	
	-
	
	
	

	11
	-
	
	
	
	-
	
	
	

	12
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	13
	-
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Table 6.4.1.1.2-3: PUSCH DM-RS duration 
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	Supported antenna ports 
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	Configuration type 1
	Configuration type 2

	single-symbol DM-RS
	0
	1000 – 1003
	1000 – 1005

	double-symbol DM-RS
	0, 1
	1000 – 1007
	1000 – 1011


6.4.1.2
Phase-tracking reference signals
6.4.1.2.1
Sequence generation

6.4.1.2.2
Mapping to physical resources
6.4.1.3
Demodulation reference signal for PUCCH

6.4.1.3.1
Demodulation reference signal for PUCCH format 1

6.4.1.3.1.1
Sequence generation

The reference signal sequence is defined by
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 is given by Table 6.3.2.2.1-1.
6.4.1.3.1.2
Mapping to physical resources
The sequence shall be multiplied with the amplitude scaling factor 
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[image: image441.wmf])

0

(

r

 to resource elements 
[image: image442.wmf])

,

(

l

k

 in a slot on antenna port 
[image: image443.wmf]p

 according to


[image: image444.wmf],...

4

,

2

,

0

)

(

PUCCH1

DMRS

)

,

(

,

=

=

l

m

r

a

p

l

k

b

m


where 
[image: image445.wmf]0

=

l

 corresponds to the first OFDM symbol of the PUCCH transmission.
6.4.1.3.2
Demodulation reference signal for PUCCH format 2
6.4.1.3.2.1
Sequence generation

The reference-signal sequence 
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where the pseudo-random sequence 
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6.4.1.3.2.2
Mapping to physical resources
The sequence shall be multiplied with the amplitude scaling factor 
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 in order to conform to the transmit power 
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where 
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 is defined relative to the lowest-numbered RB used for the PUCCH transmission.
6.4.1.4
Sounding reference signal
6.4.1.4.1
Sequence generation

The sounding reference signal sequence shall be generated according to
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Mapping to physical resources
When an SRS shall be transmitted according to [clause 6.2.1 of TS38.214] the sequence 
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Sounding reference signals shall be transmitted on uplink antenna ports 
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is given by Table 5.5.3.2-1. 
Table 5.5.3.2-1: SRS configuration.
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7
Downlink

7.1
Overview

7.1.1
Overview of physical channels
A downlink physical channel corresponds to a set of resource elements carrying information originating from higher layers. The following downlink physical channels are defined:

-
Physical Downlink Shared Channel, PDSCH

-
Physical Broadcast Channel, PBCH

-
Physical Downlink Control Channel, PDCCH.
7.1.2
Overview of physical signals
A downlink physical signal corresponds to a set of resource elements used by the physical layer but does not carry information originating from higher layers. 
The following downlink physical signals are defined:

-
Demodulation reference signals, DM-RS

-
Phase-tracking reference signals, PT-RS

-
Channel-state information reference signal, CSI-RS

-
Primary synchronization signal, PSS

-
Secondary synchronization signal, SSS
7.2
Physical resources
The frame structure and physical resources the UE shall assume when receiving downlink transmissions are defined in Clause 4.
The following antenna ports are defined for the downlink:

-
Antenna ports starting with 1000 for demodulation reference signals associated with PDSCH

-
Antenna ports starting with 2000 for demodulation reference signals associated with PDCCH

-
Antenna ports starting with 3000 for channel-state information reference signals

-
Antenna ports starting with 4000 for SS/PBCH block transmission
7.3
Physical channels
7.3.1
Physical downlink shared channel
7.3.1.1
Scrambling

For each codeword 
[image: image479.wmf]q

, the UE shall assume the block of bits 
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where the scrambling sequence 
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7.3.1.2
Modulation
For each codeword 
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, the UE shall assume the block of scrambled bits 
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 are modulated as described in clause 5.1 using one of the modulation schemes in Table 7.3.1.2-1, resulting in a block of complex-valued modulation symbols 
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Table 7.3.1.2-1: Supported modulation schemes.

	Modulation scheme

	QPSK

	16QAM

	64QAM

	256QAM


7.3.1.3
Layer mapping

The UE shall assume that complex-valued modulation symbols for each of the codewords to be transmitted are mapped onto one or several layers according to Table 7.3.1.3-1. Complex-valued modulation symbols 
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Table 7.3.1.3-1: Codeword-to-layer mapping for spatial multiplexing

	Number of layers
	Number of codewords
	Codeword-to-layer mapping
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7.3.1.4
Precoding

Precoding is transparent, 
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where 
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7.3.1.5
Mapping to physical resources
The UE shall assume for each of the antenna ports used for transmission of the physical channel, the block of complex-valued symbols 
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 conform to the downlink power allocation specified in [38.214] and are mapped in sequence starting with 
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 which meet all of the following criteria: 

-
they are in the resource blocks assigned for transmission. 

-
they are declared as available for PDSCH according to [clause 5.1.2.2.3 of TS38.214]

-
they are not used for CSI-RS according to clause 7.4.1.5

-
they are not reserved for SS/PBCH according to [clause 5.1 of TS 38.214]

The mapping to resource elements 
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 not reserved for other purposes shall be in increasing order of first the index 
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 over the assigned physical resources, and then the index 
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, starting with 
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 obtained as described in [5, TS 38.213]. 
The UE may assume the same precoding in the frequency domain being used across a PRB bundle of 2 or 4 PRBs where PRB bundles are defined based on the absolute resource grid
. The PRB bundle size is given by the higher-layer parameter PDSCH-bundle-size if configured, otherwise by the DCI scheduling the transmission. 
7.3.2
Physical downlink control channel (PDCCH)
7.3.2.1
Control-channel element (CCE)

A physical downlink control channel consists of one or more control-channel elements (CCEs) as indicated in Table 7.3.2.1-1.
Table 7.3.2.1-1: Supported PDCCH aggregation levels.

	Aggregation level
	Number of CCEs

	1
	1

	2
	2

	4
	4

	8
	8


7.3.2.2
Control-resource set (CORESET)

A control-resource set consists of 
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 resource blocks in the frequency domain, given by the higher-layer parameter CORESET-freq-dom, and 
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 symbols in the time domain, given by the higher-layer parameter CORESET-time-dur, where 
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 is supported only higher-layer parameter DL-DMRS-typeA-pos equals 3.
A control-channel element consists of 6 resource-element groups (REGs) where a resource-element group equals one resource block during one OFDM symbol. Resource-element groups within a control-resource set are numbered in increasing order in a time-first manner, starting with 0 for the first OFDM symbol and the lowest-numbered resource block in the control resource set.

A UE can be configured with multiple control-resource sets. Each control-resource set is associated with one CCE-to-REG mapping only.
The CCE-to-REG mapping for a control-resource set can be interleaved or non-interleaved, configured by the higher-layer parameter CORESET-Trans-type, and is described by REG bundles:
-
REG bundle 
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 is defined as REGs 
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 is the REG bundle size configured by the higher-layer parameter CORESET-REG-bundle-size and 
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CCE 
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 consists of REG bundles 
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For non-interleaved CCE-to-REG mapping, 
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For interleaved CCE-to-REG mapping, 
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The UE may assume 
-
the same precoding in the frequency domain being used within a REG bundle if the higher-layer parameter CORESET-wideband-bundle is not set for the CORESET
-
the same precoding in the frequency domain being used across the entire CORESET if the higher-layer parameter CORESET-wideband-bundle is set for the CORESET
7.3.2.3
Scrambling

7.3.2.4

PDCCH modulation
The UE shall assume the block of bits 
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 to be QPSK modulated as described in Clause 5.1.3, resulting in a block of complex-valued modulation symbols 
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7.3.2.5
Mapping to physical resources
The UE shall assume the block of complex-valued symbols 
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 in increasing order of first 
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, then 
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, in the control-channel elements used for the monitored PDCCH. 
7.3.3
Physical broadcast channel

7.3.3.1
Scrambling

The UE shall assume the block of bits 
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 is the number of bits transmitted on the physical broadcast channel, are scrambled prior to modulation, resulting in a block of scrambled bits 
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where the scrambling sequence 
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 is given by clause 5.2.
7.3.3.2
Modulation
The UE shall assume the block of bits 
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 are QPSK modulated as described in clause 5.1, resulting in a block of complex-valued modulation symbols 
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7.3.3.3
Mapping to physical resources

Mapping to physical resources is described in clause 7.4.3.
7.4
Physical signals
7.4.1
Reference signals

7.4.1.1
Demodulation reference signals for PDSCH

7.4.1.1.1
Sequence generation

The UE shall assume the reference-signal sequence 
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where the pseudo-random sequence 
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7.4.1.1.2
Mapping to physical resources

The UE shall assume the PDSCH DM-RS being mapped to physical resources according to type 1 or type 2 as given by the higher-layer parameter  DL-DMRS-config-type.

The UE shall assume the sequence 
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 is mapped to physical resource elements according 
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where 
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 are given by Tables 7.4.1.1.2-1 and 7.4.1.1.2-2.
The reference point for 
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 and the position 
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 of the first DM-RS symbol depends on the mapping type:
-
for PDSCH mapping type A: 
-
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 is defined relative to the start of the slot

-
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if the higher-layer parameter DL-DMRS-typeA-pos equals 3 and 
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 otherwise

-
for PDSCH mapping type B: 
-
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 is defined relative to the start of the scheduled PDSCH resources

-
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The position(s) of additional DM-RS symbols is given by 
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 and the last OFDM symbol used for PDSCH in the slot according to Tables 7.4.1.1.2-3 and 7.4.1.1.2-4.
The time-domain index 
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  and the supported antenna ports 
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 depend on DL-DMRS-len according to Table 7.4.1.1.2-5.

In absence of CSI-RS or TRS configuration, the UE may assume PDSCH DM-RS and SS/PBCH block to be quasi co-located with respect to Doppler shift, Doppler spread, average delay, delay spread, and spatial Rx.
Table 7.4.1.1.2-1: Parameters for PDSCH DM-RS configuration type 1 for single-symbol DM-RS.
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	1000
	0
	+1
	+1
	+1
	+1

	1001
	0
	+1
	-1
	+1
	+1

	1002
	1
	+1
	+1
	+1
	+1

	1003
	1
	+1
	-1
	+1
	+1

	1004
	0
	+1
	+1
	+1
	-1

	1005
	0
	+1
	-1
	+1
	-1

	1006
	1
	+1
	+1
	+1
	-1

	1007
	1
	+1
	-1
	+1
	-1


Table 7.4.1.1.2-2: Parameters for PDSCH DM-RS configuration type 2 for single-symbol DM-RS.
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	1000
	0
	+1
	+1
	+1
	+1

	1001
	0
	+1
	-1
	+1
	+1

	1002
	2
	+1
	+1
	+1
	+1

	1003
	2
	+1
	-1
	+1
	+1

	1004
	4
	+1
	+1
	+1
	+1

	1005
	4
	+1
	-1
	+1
	+1

	1006
	0
	+1
	+1
	+1
	-1

	1007
	0
	+1
	-1
	+1
	-1

	1008
	2
	+1
	+1
	+1
	-1

	1009
	2
	+1
	-1
	+1
	-1

	1010
	4
	+1
	+1
	+1
	-1

	1011
	4
	+1
	-1
	+1
	-1


Table 7.4.1.1.2-3: Additional PDSCH DM-RS positions 
[image: image589.wmf]l

 when DL-DMRS-len equals 1.
	Position of last PDSCH symbol
	Additional DM-RS positions 
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	PDSCH mapping type A
	PDSCH mapping type B

	
	DL-DMRS-add-pos
	DL-DMRS-add-pos

	
	0
	1
	2
	3
	0
	1
	2
	3

	≤7
	-
	
	
	
	-
	
	
	

	8
	-
	7
	
	
	-
	
	
	

	9
	-
	9
	6, 9
	
	-
	
	
	

	10
	-
	9
	6, 9
	
	-
	
	
	

	11
	-
	9
	6, 9
	5, 8, 11
	-
	
	
	

	12
	-
	11
	7, 11
	5, 8, 11
	-
	
	
	

	13
	-
	11
	7, 11
	5, 8, 11
	-
	
	
	


Table 7.4.1.1.2-4: Additional PDSCH DM-RS positions 
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 when DL-DMRS-len equals 2.

	Position of last PDSCH symbol
	Additional DM-RS positions 
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	PDSCH mapping type A
	PDSCH mapping type B

	
	DL-DMRS-add-pos
	DL-DMRS-add-pos

	
	0
	1
	2
	0
	1
	2

	≤7
	-
	
	
	-
	
	

	8
	-
	
	
	-
	
	

	9
	-
	
	
	-
	
	

	10
	-
	8
	
	-
	
	

	11
	-
	8
	
	-
	
	

	12
	-
	10
	
	-
	
	

	13
	-
	10
	
	-
	
	


Table 7.4.1.1.2-5: PDSCH DM-RS time index 
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 and antenna ports 
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	Supported antenna ports 
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	Configuration type 1
	Configuration type 2

	1
	0
	1000 – 1003
	1000 – 1005

	2
	0, 1
	1000 – 1007
	1000 – 1011


7.4.1.2
Phase-tracking reference signals for PDSCH
7.4.1.2.1
Sequence generation

7.4.1.2.2
Mapping to physical resources

The UE shall assume phase-tracking reference signals being present only in the resource blocks used for the PDSCH, and only if the higher-layer parameter DL-PTRS-present indicates phase-tracking reference signals being used.
If present, the UE shall assume the PDSCH PT-RS being mapped to physical resources according to
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in every 
[image: image598.wmf]PTRS

K

 of the scheduled resource blocks, starting with the lowest numbered resource block scheduled 
when the following conditions are fulfilled

-

[image: image599.wmf]l

 is within the OFDM symbols allocated for the PDSCH transmission

-
the resource element 
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 is not used for DM-RS

and where

-
the index 
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 refers to the subcarrier number within a physical resource block
-
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 is defined in clause 7.4.1.1.2
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7.4.1.3
Demodulation reference signals for PDCCH

7.4.1.3.1
Sequence generation

The UE shall assume the reference-signal sequence 
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where the pseudo-random sequence 
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 is defined in clause 5.2.
7.4.1.3.2
Mapping to physical resources

The UE shall assume the sequence 
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where 
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 are the frequency-domain and time-domain indices within a set of resource-element groups where the set of resource-element groups equals

-
the resource element groups constituting the PDCCH the UE attempts to decode if the higher-layer parameter CORESET-wideband-bundle is not set for the CORESET,

-
all resource-element groups in the entire CORESET where the UE attemtps to decode the PDCCH if the higher-layer parameter CORESET-wideband-bundle is set for the CORESET.

In absence of CSI-RS or TRS configuration, the UE may assume PDCCH DM-RS and SS/PBCH block to be quasi co-located with respect to Doppler shift, Doppler spread, average delay, delay spread, and spatial Rx.
7.4.1.4
Demodulation reference signals for PBCH

7.4.1.4.1
Sequence generation

The UE shall assume the reference-signal sequence 
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 for an SS/PBCH block is defined by
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where 
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 is given by clause 5.2. The scrambling sequence generator shall be initialized at the start of each SS/PBCH block occasion by the cell identity 
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 and 
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, the block time index carried by the PBCH DM-RS.
7.4.1.4.2
Mapping to physical resources

Mapping to physical resources is described in clause 7.4.3.
7.4.1.5
CSI reference signals
7.4.1.5.1
Sequence generation

The UE shall assume the reference-signal sequence 
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where the pseudo-random sequence 
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7.4.1.5.2
Mapping to physical resources
For each CSI-RS component configured, the UE shall assume the sequence 
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 being mapped to physical resources according to 
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with the following exceptions

-
resource elements overlapping with a configured CORESET shall be excluded from CSI-RS transmission.

The quantities 
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 and 
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 are given by Table 7.4.1.5.2-1, and 
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The time-domain location 
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 is defined relative to the start of a slot with the starting positions of a CSI-RS in a slot 
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 configured by the higher-layer parameter CSI-RS-ResourceMapping.

Except for the single-port case, the frequency-domain location is given by a bitmap 
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 provided by the higher-layer parameter CSI-RS-ResourceMapping where 
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 in Table 7.4.1.5.2-1 corresponds to the 
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 set bit, repeated across the PRBs configured for CSI-RS reception by the UE.
Table 7.4.1.5.2-1: CSI-RS locations.
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7.4.1.6
Tracking reference signal
7.4.1.6.1
Sequence generation

The UE shall assume the reference-signal sequence 
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where the pseudo-random sequence 
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 is defined in clause 5.2.

7.4.1.6.2
Mapping to physical resources

A tracking reference signal burst consists of four OFDM symbols transmitted in two consecutive slots.

The UE shall assume the tracking reference signal in a burst is mapped to physical resources according to
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The UE may assume that a TRS burst is quasi co-located with respect to delay spread, average delay, Doppler shift, and Doppler spread with the PDSCH DM-RS.
7.4.2
Synchronization signals

7.4.2.1
Physical-layer cell identities
There are 1008 unique physical-layer cell identities given by
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7.4.2.2
Primary synchronization signal

7.4.2.2.1
Sequence generation
The sequence 
[image: image668.wmf])
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 for the primary synchronization signal is defined by 
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7.4.2.2.2
Mapping to physical resources

Mapping to physical resources is described in clause 7.4.3.
7.4.2.3
Secondary synchronization signal
7.4.2.3.1
Sequence generation

The sequence 
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where
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7.4.2.3.2
Mapping to physical resources

Mapping to physical resources is described in clause 7.4.3.

7.4.3
SS/PBCH block 

7.4.3.1
Time-frequency structure of an SS/PBCH block
In the time domain, an SS/PBCH block consists of 4 OFDM symbols, numbered in increasing order from 0 to 3 within the SS/PBCH block, where PSS, SSS, and PBCH with associated DM-RS occupy different symbols as given by Table 7.4.3.1-1. 
In the frequency domain, an SS/PBCH block consists of 288 contiguous subcarriers with the subcarriers numbered in increasing order from 0 to 287 within the SS/PBCH block. Subcarrier 
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 in an SS/PBCH block corresponds to subcarrier 
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 and subcarriers are expressed in the subcarrier spacing used for the SS/PBCH block.
For an SS/PBCH block, the UE shall assume 

-
antenna port 
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subcarrier spacing configuration 
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-
the same cyclic prefix length and subcarrier spacing for the PSS, SSS, and PBCH. 

The UE may assume that SS/PBCH blocks transmitted with the same block time index within a SS/PBCH burst set periodicity are quasi co-located with respect to Doppler spread, Doppler shift, average gain, average delay, and spatial Rx parameters. The UE shall not assume quasi co-location for any other SS/PBCH block transmissions.

Table 7.4.3.1-1: Resources within an SS/PBCH block for PSS, SSS, PBCH, and DM-RS for PBCH. 

	Channel or signal
	OFDM symbol number 
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	Subcarrier number 
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	PSS
	0
	80, 81, …, 206

	SSS
	2
	80, 81, …, 206

	PBCH
	1, 3
	0, 1, …, 287

	DM-RS for PBCH
	1, 3
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7.4.3.1.1
Mapping of PSS within an SS/PBCH block

The UE shall assume the sequence of symbols 
[image: image685.wmf])
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constituting the primary synchronization signal to be scaled by a factor 
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 to conform to the PSS power allocation specified in [5, TS 38.213] and mapped to resource elements 
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 where 
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 are given by Table 7.4.3.1-1 and represent the frequency and time indices, respectively, within one SS/PBCH block.

7.4.3.1.2
Mapping of SSS within an SS/PBCH block

The UE shall assume the sequence of symbols 
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 constituting the secondary synchronization signal to be scaled by a factor 
[image: image692.wmf]SS

b

 to conform to the SSS power allocation specified in [5, TS 38.213] and mapped to resource elements 
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 in increasing order of 
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 where 
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 and 
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 are given by Table 7.4.3.1-1 and represent the frequency and time indices, respectively, within one SS/PBCH block.
7.4.3.1.3
Mapping of PBCH and DM-RS within an SS/PBCH block

The UE shall assume the sequence of complex-valued symbols 
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 constituting the physical broadcast channel to be scaled by a factor 
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 to conform to the PBCH power allocation specified in  [5, TS 38.213] and mapped in sequence starting with 
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 which meet all the following criteria:

-
they are not used for PBCH demodulation reference signals

The mapping to resource elements 
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 not reserved for other purposes shall be in increasing order of first the index 
[image: image702.wmf]k

 and then the index 
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, where 
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 and 
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 represent the frequency and time indices, respectively, within one SS/PBCH block and are given by Table 7.4.3.1-1.

The UE shall assume the sequence of complex-valued symbols 
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 constituting the demodulation reference signals for the SS/PBCH block to be scaled by a factor of 
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 to conform to the PBCH DM-RS power allocation specified in [5, TS 38.213] and mapped to resource elements 
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 are given by Table 7.4.3.1-1 with 
[image: image713.wmf]4

mod

cell

ID

N

v

=

 and represent the frequency and time indices, respectively, within one SS/PBCH block.
7.4.3.2
Time location of an SS/PBCH block
The locations in the time domain where a UE shall monitor for a possible SS/PBCH block are described in clause 4.1 of [5, TS38.213].
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