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FDD and TDD Duplexing

In this section...

“Create Resource Grid for Cyclic Prefix Choice” on page 1-2
“Create Frame with CellRS in Subframes” on page 1-3
“Frame Structure Type 1: FDD” on page 1-4

“Generate PSS Indices for FDD Mode” on page 1-4

“Frame Structure Type 2: TDD” on page 1-5

“Generate CellRS Indices for TDD Mode” on page 1-6
“Dimension Information Related to Duplexing” on page 1-7

The LTE Toolbox product can generate and manipulate signals for the duplexing arrangements
specified in the LTE standard. In LTE, downlink and uplink transmissions are organized into radio
frames of duration 10ms consisting of 10 consecutive subframes, each consisting of a number of
consecutive OFDM symbols, as shown in the following figure.

10rns radio frare

# #1 #a #5 #4 #5 #5 #7 #o #3

1-2

% Pslof ""=-o__ skt
o A A
L i N T
Bandwidth |
1 OFDM syzbol

Create Resource Grid for Cyclic Prefix Choice

This example shows how to create a resource grid for either normal or extended cyclic prefix. The
number of OFDM symbols within one subframe is either 14 for normal cyclic prefix, or 12 for
extended cyclic prefix.

Create the cell-wide settings structure.

enb.CyclicPrefix = 'Normal';
enb.NDLRB = 9;
enb.CellRefP = 1;

Get subframe resource grid dimensions.

dims

lteDLResourceGridSize(enb)

dims = Ix3
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108 14 1

Switch to extended cyclic prefix.

enb.CyclicPrefix = 'Extended';
dims = 1teDLResourceGridSize(enb)

dims = Ix3

108 12 1

The second dimension of the output of LteDLResourceGridSize is the number of symbols in the
subframe.

Create Frame with CellRS in Subframes

This example shows how to create a frame containing the cell-specific reference signals (CellRS) in
each subframe. The radio frame is represented in the LTE Toolbox™ product by the use of a
succession of 10 cell-wide settings structures with the NSubframe field set from 0 through 9 in each
case.

Initialize Cell-wide Setting Structure and Create Empty Resource Grid

Modify the NDLRB parameter to set the number of resource blocks. Modify Cel1RefP to set one
transmit antenna port. Modify NCel1ID to set the cell ID. Specify normal cyclic prefix and antenna
port zero.

enb.NDLRB = 6;

enb.CellRefP = 1;
enb.NCellID = 1;
enb.CyclicPrefix = 'Normal’;
antenna = 0;

Create an empty resource grid to be populated with subframes.
txGrid = [];
Populate Resource Grid For Each Subframe

* Create an empty resource grid for each subframe and set the current subframe number.
* Generate cell-specific reference signal symbols and indices.

» Map the cell-specific reference signal to the grid and append the subframe to the grid to be
transmitted.

for sf = 0:9
subframe = 1teDLResourceGrid(enb);
enb.NSubframe = sf;
cellRsSym = lteCellRS(enb,antenna);
cellRsInd = 1teCellRSIndices(enb,antenna);
subframe(cellRsInd) = cellRsSym;

1-3
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Comwenlinks

1-4

plink

txGrid = [txGrid subframel;
end

Frame Structure Type 1: FDD

In the FDD duplexing mode, all 10 subframes within a radio frame contain downlink or uplink
subframes depending on the link direction.

#0 #1 %) #3 #4 #3 #E ®7 ] *d

#0 #1 %) #3 #4 #5 #E ®7 Fas] *9

The uplink and downlink transmitters have separate bandwidths in which to make their
transmissions. Therefore, each can transmit at all times.

Within the LTE Toolbox product, you can create signals or indices for FDD duplexing mode simply by
setting the NSubf rame field of the cell-wide settings structure to the appropriate subframe number.
Functions whose behavior depends on the duplexing mode have the DuplexMode field, which you can
setto 'FDD' or 'TDD'. If you do not specify this field, 'FDD"' is used by default.

Generate PSS Indices for FDD Mode

This example shows how to generate the primary synchronization signal (PSS) indices in subframe 0
using the FDD duplexing mode.

First, create the cell-wide settings structure.

enb.CyclicPrefix = 'Normal';
enb.NDLRB = 9;

enb.NCellID = 1;
enb.NSubframe = 0;
enb.DuplexMode = 'FDD';

Next, create PSS indices, display size and the first five indices in subframe 0.

ind = 1tePSSIndices(enb);
size(ind)

ans = 1Ix2

62 1

ind(1:5)
ans = 5x1 uint32 column vector

672
673
674
675
676
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If the same call is made for subframe 1 instead, then the result is an empty matrix.

enb.NSubframe = 1;

An empty matrix indicates that the PSS is not present in subframe 1. By calling the functions for
indices and values for subframes 0 through to 9 by setting the NSubf rame field, the appropriate
transmissions across a radio frame can be formed.

ind 1tePSSIndices(enb)
ind =

Ox1 empty uint32 column vector

Frame Structure Type 2: TDD

In the TDD duplexing mode, a single bandwidth is shared between uplink and downlink, with the
sharing being performed by allotting different periods of time to uplink and downlink. In LTE, there
are 7 different patterns of uplink-downlink switching, termed uplink-downlink configurations 0
through 6, as shown in the following figure.

Duplexing
uplink-downlink pattern
. . Legend:
configuration
Crwenlink Liplink Special
0 #0 #1 w2 w3 #4 #5 #E ®7 #5 #4
1 #0 #1 w2 w3 #4 #5 #E ®7 #5 #9
2 #0 #1 w2 w3 #4 #5 #E ®7 #5 #9
3 #0 #1 w2 w3 #4 #5 #E ®7 #5 #9
4 #0 #1 w2 w3 #4 #5 #E ®7 #5 #9
> #0 #1 w2 w3 #4 #5 #E ®7 #5 #9
6 #0 #1 w2 w3 #4 #5 #E ®7 #5 #9

The special subframe (subframe 1 in every uplink-downlink configuration, and subframe 6 in uplink-
downlink configurations 0, 1, 2 and 6) contains a portion of downlink transmission at the start of the

1-5
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subframe (the Downlink Pilot Time Slot, DwPTS), a portion of unused symbols in the middle of the
subframe (the Guard Period) and a portion of uplink transmission at the end of the subframe (the
Uplink Pilot Time Slot, UpPTS), as shown in the following figure.

#1

A
DW}'&S G‘l(:‘ UpPTs

The lengths of DwPTS, GP, and UpPTS can take one of 10 combinations of values, termed special
subframe configurations 0 through 9. The LTE standard, TS 36.211 Table 4.2-1, specifies the lengths
in terms of the fundamental period of the OFDM modulation, but the lengths can be interpreted in
terms of OFDM symbols as shown in the following table.

Configuration of special subframe (lengths of DwWPTS/GP/UpPTS)

Special Normal cyclic prefix in downlink Extended cyclic prefix in downlink
Subframe UpPTS UpPTS
Configuratio, DwPTS | Normal cyclic |Extended cyclic| DWPTS | Normal cyclic |Extended cyclic
n prefix in uplink | prefix in uplink prefix in uplink | prefix in uplink
0 3
1 8
1 1
2 10 1 1 9
3 11 10
4 12 3
5 8
2 2
6 9
7 10 2 2 5
8 11 - -
9 6 - -

1-6

Thus, in effect, the special subframe is both a downlink subframe and an uplink subframe, with some
restriction placed on the number of OFDM symbols that are occupied in each case.

To specify TDD operation, in the cell-wide settings structure, set the optional DuplexMode field to
'"TDD'. When you use this setting, functions that require DuplexMode also require that you specify
the uplink-downlink configuration (0,...,6) in the TDDConfig field, the subframe number in the
NSubframe field, and the special subframe configuration (0,...,9) in the SSC field.

Generate CellRS Indices for TDD Mode

This example shows how to create the subscripts for the positions of the cell-specific reference signal
(CellRS) for antenna port 0 in subframe 6 for uplink-downlink configuration 2 and special subframe
configuration 4 with extended cyclic prefix.
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First, create the parameter structure.

enb.NDLRB
enb.NCellID
enb.DuplexMode
enb.NSubframe
enb.TDDConfig
enb.SSC
enb.CyclicPrefix

L | | O | B | I 1}
-hANO -~ 0O

Tl ~= ~= ~=

xtended';
Next, create the cell-specific RS indices.
sub = 1teCellRSIndices(enb,0, 'sub")

sub = 18x3 uint32 matrix

2 1 1
8 1 1
14 1 1
20 1 1
26 1 1
32 1 1
38 1 1
44 1 1
50 1 1
56 1 1

The second column, which gives the OFDM symbol number (1-based) within the subframe, has values
of 1 indicating that only the 1st OFDM symbol will contain cell-specific reference signals in this case.
This is because the chosen subframe is a special subframe with DwPTS of length 3 and therefore the
other cell-specific reference signal elements (in OFDM symbols 4, 7 and 10) which would be present
in full downlink subframes are not generated.

To confirm this theory, change the duplex mode to FDD.

enb.DuplexMode = 'FDD';
sub = 1teCellRSIndices(enb,0, 'sub');
unique(sub(:,2))

ans = 4x1 uint32 column vector

(SR Ny

In this case, the switch over to FDD means that the now irrelevant fields, TDDConfig and SSC, are
ignored.

Dimension Information Related to Duplexing

This example shows how to extract information from a parameter structure. To facilitate working with
different duplexing arrangements, the LTE Toolbox™ product provides the 1teDuplexingInfo

1-7
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information function. This function takes a cell-wide settings structure containing the fields
mentioned in the preceding sections. It returns a structure that indicates the type of the current
subframe and the number of symbols in the current subframe.

First, create a parameter structure.

enb.NDLRB = 0;
enb.NCellID =1;
enb.DuplexMode = 'TDD';
enb.NSubframe = 6;
enb.TDDConfig = 2;

enb.SSC = 4;
enb.CyclicPrefix = 'Extended';

Next, extract the dimension information.
1teDuplexingInfo(enb)

ans = struct with fields:
SubframeType: 'Special'
NSymbols: 12
NSymbolsDL: 3
NSymbolsGuard: 7
NSymbolsUL: 2

Finally, change the NSubf rame property and extract the dimension information again.

enb.NSubframe = 0;
1teDuplexingInfo(enb)

ans = struct with fields:
SubframeType: 'Downlink’
NSymbols: 12
NSymbolsDL: 12
NSymbolsGuard: 0
NSymbolsUL: ©

This function provides direct access to the uplink-downlink configuration patterns via the
SubframeType field and special subframe DwPTS, GP and UpPTS lengths via the NSymbolsDL,
NSymbolsGuard, and NSymbolsUL fields.

1-8
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Synchronization Signals (PSS and SSS)

In LTE, there are two downlink synchronization signals which are used by the UE to obtain the cell
identity and frame timing.

* Primary synchronization signal (PSS)
* Secondary synchronization signal (SSS)

The division into two signals is aimed to reduce the complexity of the cell search process.

Cell Identity Arrangement
The physical cell identity, N%8", is defined by the equation:

1 2
NG = 3N 4+ N

N}ll)) is the physical layer cell identity group (0 to 167).

N%) is the identity within the group (0 to 2).

This arrangement creates 504 unique physical cell identities.

Synchronization Signals and Determining Cell Identity

The primary synchronization signal (PSS) is linked to the cell identity within the group (N%)). The
secondary synchronization signal (SSS) is linked to the cell identity group (N%)) and the cell identity
within the group (N%)).

You can obtain N%) by successfully demodulating the PSS. The SSS can then be demodulated and
combined with knowledge of N%) to obtain N}})). Once you establish the values of N%) and N%), you
can determine the cell identity (NSEY).

Primary Synchronization Signal (PSS)

The primary synchronization signal (PSS) is based on a frequency-domain Zadoff-Chu sequence.
Zadoff-Chu Sequences

Zadoff-Chu sequences are a construction of Frank-Zadoff sequences defined by D. C. Chu in [1]. These
codes have the useful property of having zero cyclic autocorrelation at all nonzero lags. When used as
a synchronization code, the correlation between the ideal sequence and a received sequence is

greatest when the lag is zero. When there is any lag between the two sequences, the correlation is
zero. This property is illustrated in this figure.

1-9
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1.2
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PSS Generation
The PSS is a sequence of complex symbols, 62 symbols long.
The sequence d,(n) used for the PSS is generated according to these equations:

_.mun(n+1)
dyn)=eJ 763 ,forn=0,1,...,30

_.mu(n+1)(n+2)
dny=e"J— 63 , forn=231,32,...,61

In the preceding equation, u is the Zadoff-Chu root sequence index and depends on the cell identity
within the group N%).

N%) Root index u
0 25
1 29
2 34

Mapping of the PSS

The PSS is mapped into the first 31 subcarriers either side of the DC subcarrier. Therefore, the PSS
uses six resource blocks with five reserved subcarriers each side, as shown in this figure.

6 resource blocks

.—LH-IW}'WH-# -

DC sui:n:arrlnr

reserved 31 subcarriers s 31 subcarriers Teserved
primary synch, signal primary synch. signal

As the DC subcarrier contains no information in LTE this corresponds to mapping onto the middle 62
subcarriers within an OFDM symbol in a resource grid. d(n) is mapped from lowest subcarrier to
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highest subcarrier. The PSS is mapped to different OFDM symbols depending on which frame type is
used. Frame type 1 is frequency division duplex (FDD), and frame type 2 is time division duplex
(TDD).

FDD — The PSS is mapped to the last OFDM symbol in slots 0 and 10, as shown in this figure.

b 10mS radic frame k..
J.—’/ 1 sabframe H“.h
s .'_A_"u e
I T 2 R S 2 I
F.’ “-‘-\, “' -L"‘-__‘
r tu ‘1. 1‘-"-\._\_
S lslat lslcl:t‘“uﬂ A 1 slot T ] slat
g e, .. Ty u e ):--hﬁ-'
" 4 e o =

Bandwndth

& 72
o || o= e o= e e |=r e o

o faboarriers

[

1 OFDM symbol

. Primary synchronisation signal

TDD — The PSS is mapped to the third OFDM symbol in subframes 1 and 6, as shown in this
figure.

o 105 radio frame }'x
Pl 1 subfratne el
i e My
| #0 | #1 | #2 | #3 | #i | #5 | o }_#‘? | He | #a |
- 1 '\-_\__
zx' \\"',\__ II ‘h-\-"'-.
“ : e, 1 slot
£ Lslot 1slot = ' 1 slot i
+ A A - i A e
i s 3 i [ il =3
1 et y o
Bandwadth = — oa| =t | v | o) o = [ cal e = e o 2 = — o] B o 7 ] el Y ot M B o 7 =)
w SubCarriers
TR
1 OFCM symbol

! Primary synchronization

Secondary Synchronization Signal (SSS)

The secondary synchronization signal (SSS) is based on maximum length sequences (m-sequences).
M-Sequence Definition

An m-sequence is a pseudorandom binary sequence which can be created by cycling through every
possible state of a shift register of length m, resulting in a sequence of length 2™-1. Three m-

sequences, each of length 31, are used to generate the synchronization signals denoted S, ¢ and Z.

1-11



1 e Physical Layer Concepts

1-12

SSS Generation

Two binary sequences, each of length 31, are used to generate the SSS. Sequences s, and s;™’ are
different cyclic shifts of an m-sequence, S. The indices m, and m; are derived from the cell-identity
group, N;»® and determine the cyclic shift. The values can be read from table 6.11.2.1-1 in [2].

The two sequences are scrambled with a binary scrambling code (cy(n), c¢;(n)), which depends on

The second SSS sequence used in each radio frame is scrambled with a binary scrambling code (z;™),
z:™)) corresponding to the cyclic shift value of the first sequence transmitted in the radio frame.

Binary Sequence Generation
The sequences s, and s,(™ are given by these equations:

(mo)
mo(

sy (n) =5((n+ mp)mod 31)

s™(n) = §((n + my)mod 31)

§ is generated from the primitive polynomial x° + x2 + 1 over the finite field GF(2).

cy(n) and c¢,(n are given by these equations:

co(n) = E((n + NI%))mod 31)
ci1(n) = E((n + NI%) + 3)mod 31)

¢ is generated from the primitive polynomial x° + x3 + 1 over the finite field GF(2).
z;™ and z,™) are given by these equations:

2"(n) = #((n + (memod 8))mod 31)

2™(n) = #((n + (mymod 8))mod 31)

7 is generated from the primitive polynomial x> + x* + X2 + x + 1 over the finite field GF(2).
Mapping of the SSS

The scrambled sequences are interleaved to alternate the sequence transmitted in the first and
second SSS transmission in each radio frame. This allows the receiver to determine the frame timing
from observing only one of the two sequences; if the first SSS signal observed is in subframe 0 or
subframe 5, synchronization can be achieved when the SSS signal is observed in subframe 0 or
subframe 5 of the next frame.

As with PSS, the SSS is mapped to different OFDM symbols depending on which frame type is used:

* FDD — The SSS is transmitted in the same subframe as the PSS but one OFDM symbol earlier.
The SSS is mapped to the same subcarriers (middle 72 subcarriers) as the PSS.

* TDD — The SSS is mapped to the last OFDM symbol in slots 1 and 11, which is three OFDM
symbols before the PSS.



Synchronization Signals (PSS and SSS)

The SSS is constructed using different scrambling sequences when mapped to even and odd resource
elements.

» Even resource elements:
Subframe 0: d(2n) = s(()mo)(n)co(n)
Subframe 5: d(2n) = s(lml)(n)co(n)

* 0Odd resource elements:

Subframe 0: d(2n + 1) = sgml)(n)cl(n)zgmo)(n)

Subframe 5: d(2n+1) = sémo)(n)cl(n)zgml)(n)

d(n) is mapped from lowest subcarrier to highest subcarrier.

References

[1] Chu, D. C. “Polyphase codes with good periodic correlation properties.” IEEE Trans. Inf. Theory.
Vol. 18, Number 4, July 1972, pp. 531-532.

[2] 3GPP TS 36.211. “Evolved Universal Terrestrial Radio Access (E-UTRA); Physical Channels and
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Network. URL: https://www.3gpp.org.

See Also

1tePSS | 1tePSSIndices | 1teSSS | LteSSSIndices | LteCellSearch | lteDLFrameOffset |
lteDLResourceGrid | zadoffChuSeq

Related Examples

. “Create Synchronization Signals” on page 3-2
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Sounding Reference Signal (SRS)
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In this section...

“Sounding Reference Signals” on page 1-14

“Sounding Reference Signals Generation” on page 1-15

Sounding reference signals (SRS) are transmitted on the uplink and allow the network to estimate the
quality of the channel at different frequencies.

Sounding Reference Signals

The SRS is used by the base station to estimate the quality of the uplink channel for large bandwidths
outside the assigned span to a specific UE. This measurement cannot be obtained with the DRS since
these are always associated to the PUSCH or PUCCH and limited to the UE allocated bandwidth.
Unlike the DRS associated with the physical uplink control and shared channels the SRS is not
necessarily transmitted together with any physical channel. If the SRS is transmitted with a physical
channel then it may stretch over a larger frequency band. The information provided by the estimates
is used to schedule uplink transmissions on resource blocks of good quality.

SRS can be transmitted as often as every second subframe (2 ms) or as infrequent as every 16th
frame (160ms). The SRS are transmitted on the last symbol of the subframe.

There are two methods of transmitting the SRS:

* Wideband mode — one single transmission of the SRS covers the bandwidth of interest. The
channel quality estimate is obtained within a single SC-FDMA symbol. However, under poor
channel conditions such as deep fade and high path loss, using this mode can result in a poor
channel estimate.

-
o

Eegion of interest

-+

- ——p
subframe

Non-frequency-hopping SRS

* Frequency-hopping mode — the SRS transmission is split into a series of narrowband
transmissions that will cover the whole bandwidth region of interest; this mode is the preferred
method under poor channel conditions.
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Eegion of interest

Frequency-hopping SRS

-
subframe

Sounding Reference Signals Generation

The sounding reference signals are generated using a base sequence denoted by rﬁﬁ,s(n). This base

sequence is discussed further in “Base sequence” on page 1-15. This base sequence, used expressly
to denote the SRS sequence, is defined by the following equation.

rafd(n) = r{®,(n)

It is desirable for the SRS sequences to have small power variations in time and frequency, resulting
in high power amplifier efficiency and comparable channel estimation quality for all frequency
components. Zadoff-Chu sequences are good candidates as they exhibit constant power in time and
frequency. However the number of Zadoff-Chu sequences is limited which makes them unsuitable for
use on their own. The generation and mapping of the SRS are discussed further in this section.

Base sequence
The sounding reference signals are defined by a cyclic shift, a, of a base sequence, r.
The base sequence, r, is represented in the following equation.

riey = ey, u(n)

The preceding equation contains the following variables.

n=0,.., MEE, where M§5 is the length of the reference signal sequence.
« U=0,...,29is the base sequence group number.

« V =0,1 is the sequence number within the group and only applies to reference signals of length
greater than 6 resource blocks.

A cyclic shift in the time domain (post IFFT in the OFDM modulation) is equivalent to a phase rotation
in the frequency domain (pre-IFFT in the OFDM modulation). The base sequence is cyclic shifted to
increase the total number of available sequences. For frequency non-selective channels over the 12
subcarriers of a resource block it is possible to achieve orthogonality between SRS generated from

the same base sequence if a = ZH%, where nggs =0,1,2,3,4,5,6,7 (configured for each UE by

higher layers) and assuming the SRS are synchronized in time.
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The orthogonality can be exploited to transmit SRS at the same time, using the same frequency
resources without mutual interference. Generally, SRS generated from different base sequences will
not be orthogonal; however they will present low cross-correlation properties.

Similar to the uplink demodulation reference signals for the PUCCH and PUSCH, the SRS are time
multiplexed. However, they are mapped to every second subcarrier in the last symbol of a subframe,
creating a comb-like pattern, as illustrated in the following figure.

i AR, OFDM symbol

i used for SRS

0 5 ) O O

|| SRS subcarrier

T I 9

&

The minimum frequency span covered by the SRS in terms of bandwidth is 4 resource blocks and
larger spans are covered in multiples of 4 resource blocks. This means that the minimum sequence
length is 24. To maximize the number of available Zadoff-Chu sequences, a prime length sequence is
needed. The minimum length sequence, 24, is not prime.

Therefore, Zadoff-Chu sequences are not suitable by themselves. Effectively, there are the following
two types of base reference sequences:

» those with a sequence length = 48 (spanning 8 or more resource blocks), which use a cyclic
extension of Zadoff-Chu sequences

+ those with a sequence length = 24 (spanning 4 resource blocks), which use a special QPSK
sequence

Base sequences of length 48 and larger

For sequences of length 48 and larger (i.e. M?CS = 3N§CS ), the base sequence is a repetition, with a
cyclic offset of a Zadoff-Chu sequence of length N§cs , Where NECS is the largest prime such that

NECS < MECS. Therefore, the base sequence will contain one complete length N505 Zadoff-Chu sequence
plus a fractional repetition appended on the end. At the receiver the appropriate de-repetition can be

done and the zero autocorrelation property will hold across the length N§CS vector.

Base sequences of length 24

For sequences of length 24 (i.e. M_ﬁ;s = 12,24), the sequences are a composition of unity modulus

complex numbers drawn from a simulation generated table. These sequences have been found
through computer simulation and are specified in the LTE specifications.
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SRS Grouping

There are a total of 30 sequence groups, u € {0, 1,...,29}, each containing one sequence for length
less than or equal to 60. This corresponds to transmission bandwidths of 1,2,3,4 and 5 resource
blocks. Additionally, there are two sequences (one for v = 0 or 1) for length = 72; corresponding to
transmission bandwidths of 6 resource blocks or more.

Note that not all values of m are allowed, where m is the number of resource blocks used for
transmission. Only values for m that are the product of powers of 2, 3 and 5 are valid, as shown in the
following equation.

m = 2% x 3% x 5%2 where a; are positive integers

The reason for this restriction is that the DFT sizes of the SC-FDMA precoding operation are limited
to values which are the product of powers of 2, 3 and 5. The DFT operation can span more than one
resource block, and since each resource block has 12 subcarriers, the total number of subcarriers fed
to the DFT will be 12m. Since the result of 12m has to be the product of powers of 2, 3 and 5 this
implies that the number of resource blocks must themselves be the product of powers of 2, 3 and 5.
Therefore values of m such as 7, 11, 14, 19, etc. are not valid.

For a given time slot, the uplink reference signal sequences to use within a cell are taken from one
specific sequence group. If the same group is to be used for all slots then this is known as fixed
assignment. On the other hand, if the group number u varies for all slots within a cell this is known as

group hopping.

Fixed group assignment

When fixed group assignment is used, the same group number is used for all slots. The group number
u is the same as for PUCCH and is a function of the cell identity number modulo 30.

u = N%'mod30, with N%!' = 0,1, ..., 503
Group hopping
If group hopping is used, the pattern is applied to the calculation of the sequence group number.

This pattern is defined as the following equation.
fanng) = S7_ ye(8ng + i) - 2'mod30

As shown in the preceding equation, this group hopping pattern is a function of the slot number ng
and is calculated making use of a pseudorandom binary sequence c(k), generated using a length-30
Gold code. To generate the group hopping pattern, the PRBS generator is initialized with the
following value at the start of each radio frame.

cell
Nip

Cinit = |30~

For SRS with group hopping, the group number, u, is given by the following equation.

u= (fgh(ns) + Nf]_-e)”modSO)modSO
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See Also
1teSRS | 1teSRSIndices | L1teSRSInfo | LteULResourceGrid

Related Examples
. “Uplink Waveform Modeling Using SRS and PUCCH” on page 2-168
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Resource Element Groups (REGS)

In this section...

“Resource Element Group Indexing” on page 1-19

“Size and Location of REGs” on page 1-19

“Antenna Port Configurations” on page 1-20

“REG Arrangement with a Normal Cyclic Prefix” on page 1-20

“REG Arrangement with an Extended Cyclic Prefix” on page 1-21

Resource-element groups (REG) are used to define the mapping of control channels to resource
elements (RE).

REGs are blocks of consecutive REs within the same OFDM symbol. The REGs within a subframe are
located in the first four OFDM symbols and are identical in size and number for each corresponding
subframe on every antenna port.

Resource Element Group Indexing

REGs are represented by an index pair (k’, I'). The index k" is the subcarrier index of the RE within the
REG with the lowest subcarrier index k. The index I’ is the OFDM symbol index of the REG (I). This
index pair is illustrated in the following figure.

CFDM Syrmbsal
Irdexl
o1 2
o [afc [&] FREalloctedtoREG(K' =0,I'=0)
L= REallocated to REG (k' = 4,1' = 0)
2 alc
Subcarrier 3 [Te FEallomted to REG (X' = 0,0' = 1)
Irdenk a
8101 »* [b] REallomtedto REG{K = 4,0' = 1)
=1 B| D
§ |B|o m REwithin REG(X', 1) with Inwests ubsrher
T |B[D index kthareforek' =k andl' =1
B

LX)

Size and Location of REGs

The number of REs within a REG is such that a REG contains four REs which are not occupied by a
cell specific reference signal on any antenna port in use.

All REs within a resource block in one of the first four OFDM symbols are allocated to a REG.
Therefore the number of REs within each REG and the number of REGs within an OFDM symbol is
affected by the number of cell-specific reference signals present on all antenna ports.

The number and location of cell specific reference signals are dependent on the number of antenna
ports and the type of cyclic prefix used.
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Antenna Port Configurations

Each antenna port has a unique cell specific reference signal associated with it. As the REG
arrangement is affected by cell specific reference signals, the REG arrangement for a one or two
antenna port configuration or four antenna port configuration is different. The REG arrangement for
each resource block within a subframe and for every antenna port is identical.

REG Arrangement with a Normal Cyclic Prefix

The REG arrangement for each antenna port configuration is described below for a normal cyclic
prefix.

One or Two Antenna Port Configuration

When antenna port 0 or ports 0 and 1 are used it is assumed the cell specific reference signal is
present on both antenna ports 0 and 1. This leads to a REG arrangement for each resource block as
shown in the following figure.

CIFD Sy mbsal
Indaxl

01 z34a-5

o [H

1 . .

o . Antenna Port 0 Cell 3pedfic Reference Sienal

3 . Antenna Port 1 Cell Spedfic Refarence Sienal
Subcarmier Irdex ‘; - [] reEalomtedtoares
0= resource block e mr -

5 . m"D REG containing g or B RE

7

& D REnot allosted to a REG

N 1

10 |

11

Cell-specific reference signals are present within the first OFDM symbol. As four REs not containing
cell specific reference signals are required in a REG, the twelve REs in the first symbol are divided
into two REGs, each containing six REs (two containing cell specific reference signals and four
empty). In the second and third OFDM symbols no cell specific reference signal is present therefore
the twelve REs in each symbol are divided between three REGs, each containing four REs.

Four Antenna Port Configuration

The REG arrangement in each resource block for four antenna port configuration is shown in the
following figure.

1-20



Resource Element Groups (REGS)

CFD Sy mbsal
Indaxl
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o -::.: Bl #ntenna Port 0 Cell Spedfic Reference Signal
1
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=
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& "
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The REG allocation within the first OFDM symbol is the same as for a one or two antenna port
configuration. Four cell specific reference signals are present in the second OFDM symbol therefore
eight REs are available for the mapping of control data. The twelve REs are divided into two REGs,
each containing six REs. The third and fourth OFDM symbols contain no reference signals so three
REGs are available.

REG Arrangement with an Extended Cyclic Prefix

An extended cyclic prefix subframe contains twelve OFDM symbols as opposed to fourteen for a
normal cyclic prefix. As the number of cell specific reference signals in a normal or extended cyclic
prefix subframe is the same, the limited number of OFDM symbols in an extended cyclic prefix
subframe requires the OFDM symbol spacing of the cell specific reference signals to be reduced
compared to when using a standard cyclic prefix.

This reduction is spacing causes cell specific reference signals to be present within the fourth OFDM
symbol of an extended cyclic prefix subframe whilst in a normal cyclic prefix subframe no cell specific
reference signals are present. Therefore when an extended cyclic prefix is used two REGs, each
containing six REs, are present in the fourth OFDM symbol.

The number of cell specific reference symbols within the first three OFDM symbols is identical for
normal or extended cyclic prefix therefore the REG configurations are identical.

One or Two Antenna Port Configuration

The REG arrangement for a one or two antenna port configuration when using an extended cyclic
prefix is shown in the following figure.
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Four Antenna Port Configuration

The REG arrangement for a four antenna port configuration when using an extended cyclic prefix is
shown in the following figure.
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See Also
1tePDCCH | 1tePHICH | 1tePCFICH

More About

. “Represent Resource Grids”
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Control Format Indicator (CFl) Channel

In this section...

“Control Format Indicator Values” on page 1-23
“PCFICH Resourcing” on page 1-23

“CFI Channel Coding” on page 1-23

“The PCFICH” on page 1-24

When transmitting data on the downlink in an OFDM communication system, it is important to
specify how many OFDM symbols are used to transmit the control channels so the receiver knows
where to find control information. In LTE, the Control Format Indicator (CFI) value defines the time
span, in OFDM symbols, of the Physical Downlink Control Channel (PDCCH) transmission (the control
region) for a particular downlink subframe. The CFI is transmitted using the Physical Control Format
Indicator Channel (PCFICH).

Control Format Indicator Values
The CFI is limited to the value 1, 2, or 3. For bandwidths greater than ten resource blocks, the

number of OFDM symbols used to contain the downlink control information is the same as the actual
CFI value. Otherwise, the span of the downlink control information (DCI) is equal to CFI+1 symbols.

PCFICH Resourcing
The PCFICH is mapped in terms of Resource Element Groups (REGs) and is always mapped onto the
first OFDM symbol. The number of REGs allocated to the PCFICH transmission is fixed to 4 i.e. 16

Resource Elements (REs). A PCFICH is only transmitted when the number of OFDM symbols for
PDCCH is greater than zero.

CFI Channel Coding

The CFI value undergoes channel coding to form the PCFICH payload, as shown in the following
figure.

|

Charnel cading

by by l

Using the following table contains the CFI codeword for each CFI value. Using these codewords
corresponds to a block encoding rate of 1/16, changing a two bit CFI value to a 32 bit codeword.

CFI CFI codeword <by, by, ... , b3;>
1 <0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1>
2 <1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0>
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CFI CFI codeword <b,, by, ... , b3;>

3 <1101,1,021,1,01,,01,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1,0,1,1>

4 (Reserved) [<0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0>

The PCFICH

The coded CFI is scrambled before undergoing QPSK modulation, layer mapping and precoding as
shown in the following figure.

1,204
120r4 antenna
layers ports
Encoded CFI
Scrambling QPEK Layer Precoding Resource
—™ ®  Modulation [ hdapping > ™ happing

* “Scrambling” on page 1-24

* “Modulation” on page 1-24

* “Layer Mapping” on page 1-24

* “Precoding” on page 1-25

* “Mapping to Resource Elements” on page 1-27

Scrambling

The 32-bit coded CFI block undergoes a bit-wise exclusive-or (XOR) operation with a cell-specific
scrambling sequence. The scrambling sequence is a pseudo-random sequence created using a
length-31 Gold sequence generator. At the start of each subframe, it is initialized using the slot

number within the radio frame, ng, and the cell ID, N¥&!.
cinie = | 5|+ 1) x (VB + 1) x 2° + N

Scrambling with a cell specific sequence serves the purpose of intercell interference rejection. When
a UE descrambles a received bit stream with a known cell specific scrambling sequence, interference
from other cells will be descrambled incorrectly and will only appear as uncorrelated noise.

Modulation

The scrambled bits are then QPSK modulated to create a block of complex-valued modulation
symbols.

Layer Mapping

The complex symbols are mapped to one, two, or four layers depending on the number of transmit
antennas used. The complex modulated input symbols, d(O)(i), are mapped onto v layers,
xO), xDy, ..., xV = D).
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If a single antenna port is used, only one layer is used. Therefore, x(9(i) = d(o)(i).

If transmitter diversity is used, the input symbols are mapped to layers based on the number of
layers.

* Two Layers — Even symbols are mapped to layer 0 and odd symbols are mapped to layer 1, as
shown in the following figure.

Layer O
{even indices)

¥

Complex modulated i@0.d°@... » 0.2

symbols

d"'(0),d" (1) ... Layer 1
{odd indices)

d1),d93),.. = 20, xP)..

L 4

* Four Layers — The input symbols are mapped to layers sequentially, as shown in the following
figure.

Layer 0

¥

d;:nj ':U:]_. dnj{‘]:':]_. — x::D:' ':U:],_r::m':ll .

Layer 1
d 901,895, ... — =00, Y1, ..

¥

Complex modulated
symbols

d (o) (o), din) (1), dinﬁl{zl d (o) (3) ... La].rer 2
din) (2), d::nj{ﬁ:], — xi:) (U:I,.r::ﬂ{l:],

¥

Layer 3

¥

d::n:l {3:]‘. dnj{?:]_. o —3 J.'::E:l ':U:]_._r::!j{]-:].- .

Precoding

* “Two Antenna Port Precoding” on page 1-26
* “Four Antenna Port Precoding” on page 1-26

The precoder takes a block from the layer mapper, x(9(i), x1(i), ..., x" = 1)(i), and generates a

sequence for each antenna port, yP)(i). The variable p is the transmit antenna port number, and can
assume values of {0}, {0,1}, or {0,1,2,3}.
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For transmission over a single antenna port, no processing is carried out, as shown in the following
equation.

Y = xO)
Precoding for transmit diversity is available on two or four antenna ports.
Two Antenna Port Precoding

An Alamouti scheme is used for precoding, which defines the relationship between input and output
as shown in the following equation.

, (0)(;
y (2 1o j ofRetxV0}
vV | 1]o-1 0 jl[Re{xPi)}

yOi+1 v2[0 1 0 jlimm{x®@}

ybei+n) 0 =T Vg nogy)

In the Alamouti scheme, two consecutive symbols, x(9(i) and x1)(i), are transmitted in parallel using
two antennas with the following mapping, where the asterisk symbol (*) denotes the complex
conjugate operation.

(gl . 17 -
=) i

Antenna 0

j
Y -GP@)  G9w) |
Antenna 1 J
¥(2) y(2i +1)
To resource element mapping —

As any two columns in the precoding matrix are orthogonal, the two symbols, x(9(i) and x{1(i), can be
separated at the UE.

Four Antenna Port Precoding

Precoding for the four antenna port case defines the relationship between the input and output as
shown in the following equation.
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/i 4 2) 0000 0000 o
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. 0000 000 0|m{x®m}
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yi +3) 0000 0000
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In this scheme, two consecutive symbols are transmitted in parallel in two symbol periods using four
antennas with the following mapping, where the asterisk symbol (*) denotes the complex conjugate

operation.
v @) | (1) |
Antenna 0
\vy [ (
2y - (2] -
i) x (i)
Antenna 1 I | | | l
w | _|:‘-x L1 |f_'::|::l- | {ID:' {fj}- | I
Antenna 2 |
W - - . _L\- 7] e -
—x=D) (=@ )
Antenna 3 | | : I
(4 (& +1)  y(di+2) y(4i +3)

To resource element mapping —

Mapping to Resource Elements

The complex valued symbols for each antenna are divided into quadruplets for mapping to resource
elements. Each quadruplet is mapped to a Resource element Group (REG) within the first OFDM
symbol. There are sixteen complex symbols to be mapped therefore four quadruplets are created.
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The first quadruplet is mapped onto a REG with subcarrier index k = k, given by the following
equation.
RB
NSC
2

k = X (Nfﬁ”modZN%)

The subsequent three quadruplets are mapped to REGs spaced at intervals of lNI%/ZJ X (NECB /2) from

the first quadruplet and each other. This spreads the quadruplets, and hence the PCFICH, over the
entire subframe as illustrated in the following figure.

OFDM Symbol
Index [

1 2

,/- 0

Resource element

Frequency 1 i | group containing
¢ quadruplet ;
Cne subframe< > Unmapped resource
element group
3

See Also

1teCFI | 1tePCFICH | 1tePCFICHINnfo | LtePCFICHINndices | LteDLResourceGrid |
lteSymbolModulate | LteSymbolDemodulate | LtePCFICHPRBS | lteLayerMap |
lteLayerDemap | LteDLPrecode | LteDLDeprecode

Related Examples
. “Model CFI and PCFICH” on page 3-4
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HARQ Indicator (HI) Channel

In this section...

“HARQ Indicator” on page 1-29

“PHICH Groups” on page 1-29

“HARQ Indicator Channel Coding” on page 1-30
“PHICH Processing” on page 1-30

LTE uses a hybrid automatic repeat request (HARQ) scheme for error correction. The eNodeB sends a
HARQ indicator to the UE to indicate a positive acknowledgement (ACK) or negative
acknowledgement (NACK) for data sent using the uplink shared channel. The channel coded HARQ
indicator codeword is transmitted through the Physical Hybrid Automatic Repeat Request Indicator
Channel (PHICH).

HARQ Indicator

A HARQ indicator of ‘0’ represents a NACK and a ‘1’ represents an ACK.

PHICH Groups

Multiple PHICHs are mapped to the same set of resource elements (REs). This set of REs constitutes
a PHICH group. The PHICHs within a PHICH group are separated through different orthogonal
sequences.

A PHICH resource is identified by the index pair (ndg; . npiicr)- The variable nfify; is the number

of the PHICH group and the variable nISJ%CH is the orthogonal sequence index within the group. For
more information about the orthogonal sequences, see “Scrambling” on page 1-31.

The number of PHICH groups varies based on whether the frame structure is type one, frequency
division duplex (FDD), or type two, time division duplex (TDD).

Frame Structure Type 1: FDD

The number of PHICH groups is constant in all subframes and is given by the following equation.

group [Ng(Nl%)/ 8], for normal cyclic prefix
Npgich = DL . .
2 X [Ng(N RB) / 8], for extended cyclic prefix

The set Ny € {% % 1, 2} is provided by higher layers and is a scaling factor to control the number of

PHICH groups.

The index of the PHICH group nf; 5 ranges from 0 to nfpf -1

Frame Structure Type 2: TDD

The number of PHICH groups varies depending on the number of the downlink subframe and the
uplink/downlink time division duplex configuration. The number of groups is given by the expression
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m; X Nppicy- The variable ndri% is the number of PHICH groups for a frame structure type 1. The

variable m; is dependent on the subframe. The value for m; for each uplink-downlink configuration
and subframe number is given in the following table.

Uplink- Subframe number i
downlink
configuration

0 1 2 3 4 5 6 7 8 9
0 2 1 — — — 2 1 — — —
1 0 1 — — 1 0 1 — — 1
2 1 0 — — — 0 0 0 1 1
3 1 0 — — — 0 0 0 1 1
4 0 0 — — 0 0 0 0 1 1
5 0 0 — 0 0 0 0 0 1 0
6 1 1 — — — 1 1 — — 1

HARQ Indicator Channel Coding

The HARQ Indicator undergoes repetition coding to create a HARQ indicator codeword made up of
three bits, <bg, b1, by>

HARQ Indicator HARQ Indicator Codeword <b, by, by>

0 — Negative acknowledgement <0,0,0>

1 — Positive acknowledgement <1,1,1>

PHICH Processing

The HARQ Indicator codeword undergoes BPSK modulation, scrambling, layer mapping, precoding,
and resource mapping as shown in block diagram in the following figure.

1204

120ord antenna

layers ports
HAR
Inclicatar BRSH Scrambling Layer Precoding Resource

— ; 1 - i — i
Codeword Modulation Mapping Mapping
Modulation

The HARQ indicator codeword undergoes BPSK modulation resulting in a block of complex-valued
modulated symbols, 2(0), z(1), z(2).
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Scrambling

The block of modulated symbols is bitwise multiplied with an orthogonal sequence and a cell-specific
scrambling sequence to create a sequence of symbols, d(0), ..., d(Mgymp — 1). The number of symbols,

Mgymp, is given by the equation Mgymp = 3 X NE}E”CH . The PHICH spreading factor, NggICH, is4 fora
normal cyclic prefix and 2 for an extended cyclic prefix.

The orthogonal sequence allows multiple PHICHs to be mapped to the same set of resource elements.

Scrambling with a cell-specific sequence serves the purpose of intercell interference rejection. When
a UE descrambles a received bitstream with a known cell specific scrambling sequence, interference
from other cells will be descrambled incorrectly and therefore only appear as uncorrelated noise.

The complex scrambled symbols, d(0), ..., d(Mgymp — 1), are created according to the following
equation.

d(i) = w(imodNEF"H) x (1 - 2¢(0) x 2(|i/NEF'H )

The first term, w(imonggICH ) is the orthogonal sequence symbol with index NEIEHCH . The second

term, (1 — 2c(i)), is the cell-specific scrambling sequence symbol. The third term, z([i/NngII:ﬂCH J) is the

modulated HARQ indicator symbol.

The three modulated symbols, z(0), z(1), z(2), are repeated NISDIIEHCH times and scrambled to create a
sequence of six or twelve symbols depending on whether a normal or extended cyclic prefix is used.
When using a normal cyclic prefix, the first four scrambled symbols are created as shown in the
following figure.

20 || =z 2(0) | | 2(0)

»

Sequence (w) with index g oy

¥
scrambling sequence ()

d(0) d(1) d(2) a(3)

The variable w is an orthogonal scrambling sequence with index nlsg‘;?ICH. The sequences are given in
the following table.

Sequence Orthogonal Sequence, w(0), ..., w(NISJIEHCH - 1)

Index

T Normal Cyclic Prefix, NoFCH = 4 Extended Cyclic Prefix, NSG/CH = 2
0 [+1 +1 +1 +1] [+1 +1]

1 [+1 -1 +1-1] [+1-1]

2 [+1 +1-1-1] [+] +j]
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1-32

;Sequence Orthogonal Sequence, w(0), ..., w(NISDII:“CH - 1)

ndex

i~ Normal Cyclic Prefix, NoFCH = 4 Extended Cyclic Prefix, NSF/CH = 2
3 [+1-1-1 +1] [+] -]

4 [+j +j ) 4] =

5 [+) - +J ] =

6 [+) +) ] =

7 [+j -+ 4] =

The variable c is a cell-specific pseudo-random scrambling sequence created using a length-31 Gold
sequence. The scrambling sequence is initialized using the slot number within the radio frame,n,, and

the cell ID, N§&.
Ginit = (Ing/2] + 1) x (2NfB" + 1) x 2% + Nfg"
Resource Group Alignment

As resource element groups (REGs) contain four resource elements (each able to contain one symbol)
the blocks of scrambled symbols are aligned to create blocks of four symbols.

In the case of a normal cyclic prefix, each of the original complex modulated symbols, z(0), z(1), z(2),
is represented by four scrambled symbols. Therefore, no alignment is required, as shown in the
following equation.

d ) = d(i)

In the case of an extended cyclic prefix each of the original complex modulated symbols, z(0), z(1),
2(2), is represented by two scrambled symbols. To create blocks of four symbols, zeros are added
before or after blocks of two scrambled symbols depending on whether the PHICH index is odd or
even. This allows two groups to be combined during the resource mapping stage and mapped to one
REG. Groups of four symbols, d, are formed as shown in the following figure.

group
Even Npprrn

Unaligned symbols | d(2i) | di2i +1) || o | 0
| } I I I
Aligned symbols | d®ag) | d¥rdi +1) || 4% cai +2) | A4+ 3
Odd N3 oy
Unaligned symbols 0 | ] | d(2i) | di2i+17
' v ' v
Aligned symbols d%4) | d004i+1) | d0¢4i+2) | dM(4i+3)
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Layer Mapping

The complex symbols are mapped to one, two, or four layers depending on the number of transmit
antennas used. The complex modulated input symbols, d(O)(i), are mapped onto v layers,

X0, xW(), ..., xV = D).
If a single antenna port is used, only one layer is used. Therefore, x(0(i) = d(o)(i).

If transmitter diversity is used, the input symbols are mapped to layers based on the number of
layers.

+ Two Layers — Even symbols are mapped to layer 0 and odd symbols are mapped to layer 1, as
shown in the following figure.

Layer O
{even indices)

¥

Complex modulated d®(0.d”@)... » «“0.x1..

symbols

d::n:l':[]:], d::D:' {1:] Lay‘er 1
{odd indices)

d @ 1), d@¢3), .. = =20, xC1)..

L 4

* Four Layers — The input symbols are mapped to layers sequentially, as shown in the following
figure.

Layer 0
d::n:l ':U:]_. dnj{‘]:':]_. > x::D:' ':U:]_.J:::D:l{l:].- .

¥

Layer 1
din) (1), d::nj{E:], — x::ﬂ(ﬂ:l,x::ﬂ{l:],

¥

Complex modulated
symbols

d (] (o), dinﬁl (1), d::D:'{E:I, d (] (3) ... La].rer i
d9(2,d9(),.. > *P.x2 ...

¥

Layer 3
dinﬁl (3), d::n:'{?:], o —3 _rizfl (U:],_r::!:'{].:],

¥
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Precoding

The precoder takes a block from the layer mapper, x(o)(i), x(l)(i), XV 1)( ), and generates a

sequence for each antenna port, y(p)(i). The variable p is the transmit antenna port number, and can
assume values of {0}, {0,1}, or {0,1,2,3}.

For transmission over a single antenna port, no processing is carried out, as shown in the following
equation.

yP) = xO)
Precoding for transmit diversity is available on two or four antenna ports.
Two Antenna Port Precoding

An Alamouti scheme is used for precoding, which defines the relationship between input and output
as shown in the following equation.

yOi0) 10 jo Re{x()}
ybei | 1]o-1 0 j|[Re{xP®}
YOI+ V20 10 jllm{xOw)
yD2i+1) 10 -0 Im{xV()}

In the Alamouti scheme, two consecutive symbols, x 0)( ) and x( ( ), are transmitted in parallel using
two antennas with the following mapping, where the asterisk symbol (*) denotes the complex
conjugate operation.

ol . 1) -
=i i

Antenna 0

{xﬂm} (x“ @) |

j
5
Antenna 1 J

¥(2i) ¥(2i + 1)

To resource element mapping —

As any two columns in the precoding matrix are orthogonal, the two symbols, x(O)(i) and x(l)(i), can be
separated at the UE.

Four Antenna Port Precoding

Precoding for the four antenna port case depends on the index of the PHICH group, nlgaﬁ’;g’H. If

ng;?IlgDH + i is even for a normal cyclic prefix or if [ng;?;g’H/ ZJ + i is even for an extended cyclic prefix,

the relationship between the input and output is defined by the following equation.
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In this scheme, two consecutive symbols are transmitted in parallel in two symbol periods using four
antennas with the following mapping, where the asterisk symbol (*) denotes the complex conjugate

operation.

Antenna 0

Antenna 1

Antenna 2

Antenna 3

group
If npricH

A

A4

(2

I x::l!:l I:f:] | I::ﬂ {l:] | J.'::::I {l-:] | P {l-:] |

| | | | |

@) ") b @), o) |

| | | I |
yi(4i) v(4i + 1) y(4i + 2) y(4i + 3)

To resource element mapping —

group

+ i is odd for a normal cyclic prefix or if [nPHICH/ 2] + i is odd for an extended cyclic prefix,

the relationship between the input and output is defined by the following equation.
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y i)
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D1 0000 0000
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‘ 0-100 0 j 0 0f[Reix®Xi
yO4i +1)

0000 00 0 OfRe{xj))
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Yy 0100 0j00O0f, @@
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yD(4i + 3) 0000 0000
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y3(4i + 3)

In this scheme, two consecutive symbols are transmitted in parallel in two symbol periods using four
antennas with the following mapping, where the asterisk symbol (*) denotes the complex conjugate

operation.

N

Antenna 0 |
v [s1] 4 -

Antenna 1 | X I:i:l | x= I:i:] | X |:|. ) | X |:|. )
N

Antenna 2 I l I I

Antenna 3 Y | (=" @) | (x" @) | —(x I::"I:)'I (== @)

y(4i) y(4i+1) y{di + 2) y(4i + 3)

to resource element mapping —

Mapping to Resource Elements
PHICH Duration

The number of OFDM symbols used to carry the PHICH is configurable by the PHICH duration.

The PHICH duration is either normal or extended. A normal PHICH duration causes the PHICH to be
present in only the first OFDM symbol. In general an extended PHICH duration causes the PHCH to
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be present in the first three OFDM symbols but there are some exceptions. The PHICH is present in
the first two OFDM symbols under the following exceptions.

* Within subframe 1 and 6 when frame structure type 2 (TDD) is used

*  Within MBSFN subframes

Relationship between CFl and PHICH Duration

Since the control format indicator (CFI) configures how many OFDM symbols are used for mapping
the physical downlink control channel (PDCCH) and hence which OFDM symbols are available for the
physical downlink shared channel (PDSCH), care must be taken when using an extended PHICH
duration so the PHICH is not mapped into the same region as the PDSCH.

For example, when using an extended PHICH in subframe zero of a frame structure type 1 (FDD)
10MHz subframe the first three OFDM symbols will contain PHICH. Therefore, the CFI must be set to
3 so the PDSCH is not mapped to OFDM symbols 0, 1, or 2, and so does not overlap with the PHICH.

Combining PHICH Sequences

Corresponding elements of each PHICH sequence are summed to create the sequence for each
PHICH group, ( y P )) This process is illustrated in the following figure.

— — First PHICH
e ':l P 1 o ?|_
Yo (0) Yo (1) { SJ” 1) within group

+ + +

— = o Second PHICH
DRl il e M-
¥y (0) v (L) { symp ~ 1) within group

- + T
— — — PHICH grou

The variable y(p (n) is the n-th element within PHICH i on antenna port p.

PHICH Mapping Units

PHICHs are mapped to REGs using PHICH mapping units, 37&,’?, where m’ is the index of the mapping

unit. For a normal cyclic prefix, each PHICH group is mapped to a PHICH mapping unit. In the case
of an extended cyclic prefix, two PHICH groups are mapped to one PHICH mapping unit. Due to the
location of the padding zeros added during resource group alignment, when two consecutive groups
are added, the zeros of one group overlap the data of the other.

Mapping to REGs

Each mapping unit contains twelve symbols. To map these twelve symbols to REGs, the mapping units
are split into three groups of four symbols (quadruplets).

Each of the three symbol quadruplets, zP)(i),i = {0,1,2}, is mapped to a REG, (k’,I'), so the PHICH is
spread over all available OFDM symbols and resource blocks.

The OFDM symbol index, I, is set so adjacent quadruplets are spread amongst the available OFDM
symbols, as illustrated in the following figure.
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One OFDM Two OFDM Three OFDM

Symbol Duration Symbol Duration Symbol Duration

QOF DM Symbal [ QOF DM Symbal [ OFDM Symbol |
oA 2 oA 2 0 1 2
0 0 a

Frequency Frequency Freguency
i 1 l 1 i 1

i z 2

REG assignedto PHICH group symbol quadruplet 25700

Unavailable OFDM symbol dueto PHICH duration

The subcarrier index, k’;, of the REG is based upon the cell ID, NICSH, and is chosen to spread the three
symbol quadruplets over the entire bandwidth.

See Also

1tePHICH | 1tePHICHINnfo | LtePHICHIndices | LtePHICHPRBS | lTteDLResourceGrid |
lteLayerMap | LteLayerDemap | LteDLPrecode | LteDLDeprecode | LteCRCEncode |
1teCRCDecode | LteSymbolModulate | LteSymbolDemodulate

Related Examples
. “Model HARQ Indicator and PHICH” on page 3-6
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Downlink Control Channel

In this section...

“DCI Message Formats” on page 1-39
“PDCCH Restructuring” on page 1-40
“DCI Message Generation” on page 1-40
“DCI Coding” on page 1-40

“PDCCH Processing” on page 1-43

Control signaling is required to support the transmission of the downlink and uplink transport
channels (DL-SCH and UL-SCH). Control information for one or multiple UEs is contained in a
Downlink scheduling Control Information (DCI) message and is transmitted through the Physical
Downlink Control Channel (PDCCH). DCI messages contain the following information.

» DL-SCH resource allocation (the set of resource blocks containing the DL-SCH) and modulation
and coding scheme, which allows the UE to decode the DL-SCH.

* Transmit Power Control (TPC) commands for the Physical Uplink Control Channel (PUCCH) and
UL-SCH, which adapt the transmit power of the UE to save power

* Hybrid-Automatic Repeat Request (HARQ) information including the process number and
redundancy version for error correction

* MIMO precoding information

DCI Message Formats

Depending on the purpose of DCI message, different DCI formats are defined. The DCI formats are
given in the following list.
* Format 0 — for transmission of uplink shared channel (UL-SCH) allocation

* Format 1 — for transmission of DL-SCH allocation for Single Input Multiple Output (SIMO)
operation

* Format 1A — for compact transmission of DL-SCH allocation for SIMO operation or allocating a
dedicated preamble signature to a UE for random access

* Format 1B — for transmission control information of multiple-input multiple-output (MIMO)
rank-1 based compact resource assignment

* Format 1C — for very compact transmission of PDSCH assignment
* Format 1D — same as Format 1B, but with additional information of power offset

* Format 2 and Format 2A— for transmission of DL-SCH allocation for closed and open loop
MIMO operation, respectively

* Format 2B — for the scheduling of dual layer transmission (antenna ports 7 & 8)

* Format 2C — for the scheduling of up to 8 layer transmission (antenna ports 7 to 14) using TM9
* Format 2D — for the scheduling of up to 8 layer transmission (antenna ports 7 to 14) using TM10
* Format 3 and Format 3A — for transmission of TPC command for an uplink channel

* Format 4 — for the scheduling of PUSCH with multi-antenna port transmission mode

In one subframe, multiple UE’s can be scheduled. Therefore, multiple DCI messages can be sent
using multiple PDCCH’s.
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PDCCH Restructuring

A PDCCH is transmitted on one or an aggregation of several consecutive control channel elements
(CCEs). A CCE is a group of nine consecutive resource-element groups (REGs). The number of CCEs
used to carry a PDCCH is controlled by the PDCCH format. A PDCCH format of 0, 1, 2, or 3
corresponds to 1, 2, 4, or 8 consecutive CCEs being allocated to one PDCCH.

DCI Message Generation

The base station creates a DCI message based on a DCI format given in TS 36.212 [1], Section
5.3.3.1. Each field in a DCI message is mapped in order. Zeros may be appended to a DCI message to
avoid ambiguous message lengths.

DCI Coding

* “CRC Attachment” on page 1-40
* “Channel Coding — Tail-Biting Convolutional Coding” on page 1-41
* “Rate Matching” on page 1-42

To form the PDCCH payload, the DCI undergoes coding as shown in the following figure.

CRC attachment

[P N 1

Channel coding

r

Rate matching

\‘.7.:':!‘.7]:...:2:—_]

CRC Attachment

A cyclic redundancy check (CRC) is used for error detection in DCI messages. The entire PDCCH
payload is used to calculate a set of CRC parity bits. The PDCCH payload is divided by a cyclic

generator polynomial to generate 16 parity bits. These parity bits are then appended to the end of the
PDCCH payload.

As multiple PDCCHs relevant to different UEs can be present in one subframe, the CRC is also used
to specify to which UE a PDCCH is relevant. This is done by scrambling the CRC parity bits with the
corresponding Radio Network Temporary Identifier (RNTI) of the UE. The scrambled CRC is obtained
by performing a bit-wise XOR operation between the 16-bit calculated PDCCH CRC and the 16-bit
RNTIL
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Different RNTI can be used to scramble the CRC. The following RNTI are some examples.

* A UE unique identifier; for example, a Cell-RNTI
* A paging indication identifier, or Paging-RNTI, if the PDCCH contains paging information

* A system information identifier, or system information-RNTI, if the PDCCH contains system
information

When encoding a format 0 DCI message, which contains the UE UL-SCH resource allocation, and the
UE transmit antenna selection is configured and applicable, the RNTI scrambled CRC undergoes a
bit-wise XOR operation with an antenna selection mask. This mask informs the UE transmit antenna
on which port to transmit. The antenna selection masks are given in the following table.

UE transmit antenna Antenna selection mask, <x?s, ..., X55>
selection

UE Port 0 <0,0,0,0,0,0,0,0,0,0,0,0,0,0,0>

UE Port 1 <0,0,0,0,0,0,0,0,0,0,0,0,0,0,1>

Channel Coding — Tail-Biting Convolutional Coding

The DCI message with the CRC attachment undergoes tail-biting convolutional coding as described in
TS 36.212 [1], Section 5.1.3.1. Convolutional coding is a form of forward error correction and
improves the channel capacity by adding carefully selected redundant information.

LTE uses a rate ¥ tail-biting encoder with a constraint length, k, of 7. This means that one in three
bits of the output contain useful information while the other two add redundancy. The structure of the
convolutional encoder is shown in the following figure.

el e hrle ol L
1G] o1
& & ——eih 9
N .3 EX .3 { Gi ! g 1)
e = ey o k
et - X " G-' ! o ¥
2 L gy g k

Each output stream of the coder is obtained by convolving the input with the impulse response of the
encoder, as shown in the following equation.

d = ¢, x Gi

The impulse responses are called the generator sequences of the coder. For LTE, there are the
following three generator sequences.

* Gy=133 (octal)
* G;=171 (octal)
* G,=165 (octal)

A standard convolutional encoder initializes its internal shift register to the all zeros state, and also
ensures that the coder finishes in the all zeros state by padding the input sequence with k zeros at
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the end. Knowing the start and end states, which are all zeros, simplifies the design of the decoder,
which is typically an implementation of the Viterbi algorithm.

A tail-biting convolutional coder initializes its internal shift register to the last k bits of the current
input block, rather than to the all zeros state. Thus, the start and end states are the same, without the
need to zero-pad the input block. Since the overhead of terminating the coder has been eliminated,
the output block contains fewer bits than a standard convolutional coder. The drawback is that the
decoder becomes more complicated because the initial state is unknown; however, the decoder does
know the start and end states are the same.

Rate Matching

* “Sub-block Interleaver” on page 1-42
» “Bit Collection, Selection, and Transmission” on page 1-43

The rate matching block creates an output bitstream with a desired code rate. As the number of bits
available for transmission depends on the available resources the rate matching algorithm is capable
of producing any arbitrary rate. The three bitstreams from the tail-biting convolutional encoder are
interleaved followed by bit collection to create a circular buffer. Bits are selected and pruned from
the buffer to create an output bitstream with the desired code rate. The process is illustrated in the
following figure.

i)

¥
o) _ | sub-block =

sncoded stream "‘: = interiaver ™
’"IJ.- W

T e ] e ] e [
v E bits

encoded stream o o Imlll -

L bits

Sub-block Interleaver

The three sub-block interleavers used in the rate matching block are identical. Interleaving is a
technique to reduce the impact of burst errors on a signal as consecutive bits of data will not be
corrupted.

The sub-block interleaver reshapes the encode bit sequence, row-by-row, to form a matrix with
ngbblock = 32 columns and Rggbblock rows. The variable Rgffbblock is determined by finding the
minimum integer such that the number of encoded input bits is D < (R;{Sbb,ock X ngbblock)- If
(Rgucbblock X Cgffbb,ock) > D, Np <NULL>'s are appended onto the front of the encoded sequence. In this
case, Np + D = (Rggbblock X ngbblock)-

Inter-column permutation is performed on the matrix to reorder the columns as shown in the
following pattern.

1,17,9, 25,5, 21, 13, 29, 3, 19, 11, 27, 7, 23, 15, 31, 0, 16, 8, 24, 4, 20, 12, 28, 2, 18, 10, 26, 6, 22,
14, 30

The output of the block interleaver is the bit sequence read out column-by-column from the inter-
column permutated matrix to create a stream K; = (Rgfbb,ock X ngbblock) bits long.
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Bit Collection, Selection, and Transmission

The bit collection stage creates a virtual circular buffer by combining the three interleaved encoded
bit streams, as shown in the following figure.
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Bits are then selected and pruned from the circular buffer to create an output sequence length which
meets the desired code rate. This is achieved by sequentially outputting the bits in the circular buffer
from w, (looping back to wy after wsx ), discarding <NULL> bits, until the length of the output is x

times the length of the input, creating a coding rate of 1/x.

PDCCH Processing

“Multiplexing” on page 1-43

“Matching PDCCHs to CCE Positions” on page 1-44

“Scrambling” on page 1-45
“Modulation” on page 1-46
“Layer Mapping” on page 1-46
“Precoding” on page 1-47

“Mapping to Resource Elements” on page 1-49

The coded DCI messages for each control channel are multiplexed, scrambled, and undergo QPSK
modulation, layer mapping, and precoding, as shown in this figure.

Encoded DCl messages ——»

Qne, two, or four

layers

Qne, two, or four
antenna poris

Multiplexing and
scrambling

h

QPSK modulation

h

Layer mapping

Multiplexing

/

)

Precoding

/

» Resource mapping

The blocks of coded bits for each control channel are multiplexed in order to create a block of data,
as shown in this figure.

Control channel 0

A A

Control channel 1
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The variable M;,,-ts is the number of bits in the it* control channel and nppccy is the number of control
channels.

Matching PDCCHs to CCE Positions

If necessary, <NIL> elements are inserted in the block of bits prior to scrambling to ensure PDCCHs
start at particular CCE positions and the length of the block of bits matches the amount of REGs not
assigned to PCFICH or PHICH.

The PDCCH region consists of CCEs which could be allocated to a PDCCH. The configuration of how
PDCCHs are mapped to CCEs is flexible.

Common and UE-specific PDCCHs are mapped to CCEs differently; each type has a specific set of
search spaces associated with it. Each search space consists of a group of consecutive CCEs which
could be allocated to a PDCCH called a PDCCH candidate. The CCE aggregation level is given by the
PDCCH format and determines the number of PDCCH candidates in a search space. The number of
candidates and size of the search space for each aggregation level is given in the following table.

Search space, S, ! Number of PDCCH
candidates, M(!)
Type Aggregation level, L Size, in CCEs

UE-specific 1 6 6
2 12 6

4 8 2

8 16 2

Common 4 16 4
8 16 2

If the bandwidth is limited, not all candidates may be available because the PDCCH region is
truncated.

A PDCCH can be mapped to any candidate within its suitable search space, as long as the allocated
CCEs within the candidate do not overlap with a PDCCH already allocated. A simple example that
shows the PDCCH candidates of two aggregation levels within a PDCCH region is shown in the
following figure.
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Aggregation Level L =4
PDCCH allocation candidate 0 PDCCH allocation candidate 1
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e I ™
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Aggregation Level L =2

Candidate 0  Candidate 1 Candidate 2 Candidate 3  Candidate 4

A A, A A A
s 'l ' A ATd A
|CCED|GCE1|ccE2|ccE3|CCE4|CCE5|CCE5|CCE?|CCEB|CCE9|CCE1Q
— v
—

PDCCH region

Unused CCE I:I REs not assigned to CCE as not enough REs to create a CCE

In this example, only 11 CCEs are available due to bandwidth constraints. The CCEs used to
construct each PDCCH candidate are defined by the following equation.

L{(Y kt m)mod[NCCE, k/LJ} +1

The preceding equation contains the following variables.
* Nccg, k — number of CCEs in a subframe, k

m — number of PDCCH candidates in a given space, m = 0, ...,M(L) -1
* L — aggregation level
* [ — aninteger between 0 and L-1,i=0,...,L -1

When a common search space is used, Y is 0. When a UE-specific search space is used, Yy is given
by the following equation.

Yk = (AYk - 1)m0dD

In the preceding equation, A is 39,827, D is 65,537, and Y_; is the nonzero UE radio network
temporary identifier.

Scrambling

This multiplexed block of bits undergoes a bit-wise exclusive-or (XOR) operation with a cell-specific
scrambling sequence.
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The scrambling sequence is pseudorandom, created using a length-31 Gold sequence generator and

initialized using the slot number within the radio frame, ng, and the cell ID, NYE', at the start of each
subframe, as shown in the following equation.

51,9 cell
Cinit = \7]2 +Nip

Scrambling serves the purpose of intercell interference rejection. When a UE descrambles a received
bitstream with a known cell specific scrambling sequence, interference from other cells will be
descrambled incorrectly, therefore only appearing as uncorrelated noise.

Modulation

The scrambled bits then undergo QPSK modulation to create a block of complex-valued modulation
symbols.

Layer Mapping

The complex symbols are mapped to one, two, or four layers depending on the number of transmit
antennas used. The complex modulated input symbols, d(o)(i), are mapped onto v layers,

X0, xD(y, ..., xV = D).
If a single antenna port is used, only one layer is used. Therefore, x(9(i) = d(O)(i).

If transmitter diversity is used, the input symbols are mapped to layers based on the number of
layers.

+ Two Layers — Even symbols are mapped to layer 0 and odd symbols are mapped to layer 1, as
shown in the following figure.

Layer O
{even indices)

¥

Complex modulated d®©0.d”@)... » «V0.20..

symbols

d(@.d"(1).. Layer 1
{odd indices)

¥

40 (1), diﬂf',:gl o= B0, P ..

* Four Layers — The input symbols are mapped to layers sequentially, as shown in the following
figure.
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Layer 0
d(0),a"™ 4, ..— @), ..

¥

Layer 1
dinﬁl (1), d::D:'{S:], . —> x::ﬂ{ﬂ:l,x::ﬂ{ll

¥

Complex modulated
symbols

d (o) ':U:], d::D:' {11 d::D:'{zl d (o) {3:] Lﬂfer 2
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dinﬁl (3), dinﬁl{?l o — _r:izfl {U],_r::!:'{ﬂ,
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Precoding

* “Two Antenna Port Precoding” on page 1-47
* “Four Antenna Port Precoding” on page 1-48

The precoder takes a block from the layer mapper, x©(i), x1(i), ..., xX" = 1(i), and generates a

sequence for each antenna port, yP)(i). The variable p is the transmit antenna port number, and can
assume values of {0}, {0,1}, or {0,1,2,3}.

For transmission over a single antenna port, no processing is carried out, as shown in the following
equation.

yP) = xO)
Precoding for transmit diversity is available on two or four antenna ports.
Two Antenna Port Precoding

An Alamouti scheme is used for precoding, which defines the relationship between input and output
as shown in the following equation.

, 0)
O 2i) 10 o Re{xV(i)}
yV@ei | 1]o-1 0 jl[Re{xP0)}

y02i +1) 210 10 Jjiim{x©q))}

yPi+1) 10 -Jj0 Im{x1(i)}

In the Alamouti scheme, two consecutive symbols, x(9(i) and x1)(i), are transmitted in parallel using
two antennas with the following mapping, where the asterisk symbol (*) denotes the complex
conjugate operation.
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Antenna 0

N
1
j ~=2@) {x*ﬂ(fj}"l

Antenna 1
¥i(2i) yi(Zi +1)

To resource element mapping —

As any two columns in the precoding matrix are orthogonal, the two symbols, x(O)(i) and x(l)(i), can be
separated at the UE.

Four Antenna Port Precoding

Precoding for the four antenna port case defines the relationship between the input and output as
shown in the following equation.

y(O)(4i)
yD(4i) 1000 j0OOO
y(2)(41') 0 00O 0900
(3)(4i) 0-100 0 j 0O '
o 0000 000 ofRe{x%0}
yO4i +1)
0100 0 j 0 0|RefxD
(1)(4i+ 1) edx (i
y 0000 0000 o
YA+ 1) 1000 -j000 e{(x*}
yOui+|_ 1[0 000 00 0 ofRe{(xV0}
YO 4i + 2) V2[00 0 0 0 00 0 0 Im{x(o)(i)}
y(l)(4i+2) 0010 0O04jO Im{x(l)(i)}
@4 +2) 0000 000D o
Y 000-100 0 j|mXx?0}
vy +2)
0000 000 Om{x3)
Y4 +3) 0001 000 j
yDi + 3) 0000 0000
Yy (4i +3) 0010 00-j0
y3i + 3)

In this scheme, two consecutive symbols are transmitted in parallel in two symbol periods using four
antennas with the following mapping, where the asterisk symbol (*) denotes the complex conjugate
operation.
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To resource element mapping —

Mapping to Resource Elements
* “Permutation” on page 1-49

* “Cyclic Shifting” on page 1-49
* “Mapping” on page 1-49

The complex valued symbols for each antenna are divided into quadruplets for mapping to resource
elements. The sets of quadruplets then undergo permutation (interleaving) and cyclic shifting before
being mapped to resource elements (REs) within resource-element groups (REGs).

Permutation

The blocks of quadruplets are interleaved as discussed in “Sub-block Interleaver” on page 1-42.
However, instead of bits being interleaved, blocks of quadruplets are interleaved by substituting the
term bit sequence with the term symbol-quadruplet sequence.

<NULL> symbols from the output of the interleaver are removed to form a sequence of interleaved
quadruplets at each antenna, w(P)(i).

Cyclic Shifting

The interleaved sequence of quadruplets at each antenna is cyclically shifted, according to the
following equation.

#P0) = wPi)((i + NFS")modMguqd)
In the preceding equation, the variable Mg;,q is the number of quadruplets, such that
Muad = Msymp/4, and NFE" is the cell ID.
Mapping

The cyclic shifted symbol quadruplets are mapped to REGs that are not assigned to PCFICH or
PHICH.

Each symbol-quadruplet is mapped to an unallocated REG in order, starting with the REG
(k" = 0,1 =0). Symbol quadruplet W(p)(m’) maps to the REG m'. Then, the REG symbol index, I, is
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incremented until all the REGs at subcarrier index k" = 0 have been allocated. Next, the REG
subcarrier index, k', is incremented, and the process repeats. This mapping continues until all symbol
quadruplets have been allocated REGs.

The mapping for an example resource grid is shown in the following figure.
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Four transmit antenna ports and a control region size of three OFDM symbols are used to create the
grid. In this example, the REG (k" = 0,I' = 0) is allocated to PCFICH, so no symbol quadruplets are
allocated to it. The symbol-quadruplets are first mapped to REG (k" = 0,1’ = 1), followed by

(k" =0,I' = 2). Since there are no further REGs with k" = 0, the next REG allocated is REG

(k" =4, = 2) because this REG has the lowest value of I' not already allocated. This process repeats
to allocate all the symbol quadruplets to REGs.

References

[1]1 3GPP TS 36.212. “Evolved Universal Terrestrial Radio Access (E-UTRA); Multiplexing and channel
coding.” 3rd Generation Partnership Project; Technical Specification Group Radio Access
Network. URL: https://www.3gpp.org.
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See Also

1teDCI | LteDCIEncode | LtePDCCH | L1tePDCCHINndices | LtePDCCHSpace | LtePDCCHINnTfo |
1tePDCCHPRBS | 1tePDCCHInterleave | LtePDCCHDeinterleave | LtePDCCHDecode |
lteLayerMap | LteLayerDemap | LteDLPrecode | LteDLDeprecode | LteCRCEncode |
1teCRCDecode | LteConvolutionalEncode | LteConvolutionalDecode |
lteRateMatchConvolutional | LteRateRecoverConvolutional | LteSymbolModulate |
lteSymbolDemodulate

Related Examples
. “Model DCI and PDCCH” on page 3-9
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Random Access Channel

1-52

In this section...

“RACH Coding” on page 1-52
“The PRACH” on page 1-52
“PRACH Conformance Tests” on page 1-54

The Random Access Channel (RACH) is an uplink transmission used by the UE to initiate
synchronization with the eNodeB.

RACH Coding

The relationship between RACH, a transport channel, and PRACH, a physical channel, as described
by [2], is shown in the following table.

Transport Channel (TrCH) Physical Channel

RACH PRACH

However, there are not actually any coding processes that take place to encode the RACH transport
channel onto the input of the PRACH. Also, there is no logical channel which maps into the input of
the RACH transport channel; the RACH originates in the MAC layer. The RACH effectively consists of
a number of parameters within the MAC layer which ultimately control how and when the PRACH
physical channel is generated.

The PRACH

The PRACH transmission (the PRACH preamble) is an OFDM-based signal, but it is generated using a
different structure from other uplink transmission; most notably it uses narrower subcarrier spacing
and therefore is not orthogonal to the PUSCH, PUCCH and SRS, therefore those channels will suffer
from some interference from the PRACH. However, the subcarrier spacing used by the PRACH is an
integer submultiple of the spacing used for the other channels and therefore the PUSCH, PUCCH and
SRS do not interfere on the PRACH.

PRACH preamble time structure

The PRACH preamble consists of a cyclic prefix, useful part of the sequence and then a guard period
which is simply an unused portion of time up to the end of the last subframe occupied by the PRACH.

) preamble .
=== - S . . preamble sequence of length
I :
CP sequence guard cyclic prefix of length
- Top e Tize -

| | ; guard period

This guard period allows for timing uncertainty due to the UE to eNodeB distance.
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Therefore the size of the guard period determines the cell radius, as any propagation delay exceeding
the guard time would cause the random access preamble to overlap the following subframe at the
eNodeB receiver.

The use of an OFDM transmission with cyclic prefix allows for an efficient frequency domain based
receiver in the eNodeB to perform PRACH detection.

PRACH formats

There are five PRACH preamble formats which have different lengths for the cyclic prefix, useful part
of the symbol, and guard period.

Preamble Format Tep Tseo Guard Period
0 3,168x%T, 24,576 X T, 2,976 X T,

1 21,024 XT, 24,576 XT, 15,840 T

2 6,240%T, 2%24,576 X T, 6,048 T

3 21,024 XT, 2%24,576XT, 21,984 XT,

4 448X T, 4,096 xT, 288xT,

Note that Preamble Format 4 is only applicable for TDD in special subframes (subframe 1 or 6) and
with Special Subframe Configuration that results in UpPTS with 2 symbols duration i.e. the Preamble
Format 4 PRACH sits in UpPTS. Formats 2 and 3 have two repetitions of the nominal PRACH
sequence which provides more total transmit energy and therefore allows for detection at lower
SNRs. Also, Format 1 versus 0 and Format 3 versus 2 have a longer guard period, allowing for a
larger cell size. The downside is that when the cyclic prefix time, sequence time and guard period are
totaled up, some of the formats require multiple subframes for transmission.

Preamble Format Number of Subframes
0 1
1 2
2 2
3 3
4 1

The penalty for using multiple subframes is a reduction in the capacity for normal uplink
transmission.
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PRACH Preamble Frequency Structure

As already mentioned, the PRACH uses a narrower subcarrier spacing that normal uplink
transmission, specifically 1250 Hz for formats 0-3 and 7500 Hz for format 4. The ratio of the normal
uplink subcarrier spacing to PRACH subcarrier spacing, K, is K=12 for formats 0-3 and K=2 for
format 4.

The PRACH is designed to fit in the same bandwidth as 6 RBs of normal uplink transmission. For
example, 72 subcarriers at 15,000 Hz spacing is 1.08 MHz. This makes it easy to schedule gaps in
normal uplink transmission to allow for PRACH opportunities.

Therefore, there are 72xK subcarriers for the PRACH, specifically 864 for formats 0-3 and 144 for
format 4. As will be explained in the following subsection, the PRACH transmission for formats 0-3
uses 839 active subcarriers, and for format 4 uses 139 active subcarriers; the number of active
subcarriers is denoted Ny.

As with normal uplink SC-FDMA transmission there is a half subcarrier (7500 Hz) shift, which for the
PRACH is a K/2 subcarrier shift. A further subcarrier offset, ¢ (7 for formats 0-3 and 2 for format 4),
centers the PRACH transmission within the 1.08 MHz bandwidth.

Preamble Format o+K/2 N 72K-N,c-9-K/2
0-3 13 839 12
4 3 139 2

PRACH Subcarrier Content

The actual PRACH transmission is an OFDM-based reconstruction of a Zadoff-Chu sequence in the
time domain. The OFDM modulator is used to position the Zadoff-Chu sequence in the frequency
domain (i.e. to place the 6RBs of PRACH transmission in the 6 consecutive RBs starting from some

particular physical resource block, denoted n%‘B in the standard). If the output of the OFDM
modulator in the time domain is to be a Zadoff-Chu sequence, the input to the OFDM modulator must

be a Zadoff-Chu sequence in the frequency domain. Therefore, the active subcarriers, which total N
in number, are set to the values of an N -point DFT of an N,.-sample Zadoff-Chu sequence.

PRACH Conformance Tests

Conformance tests for the PRACH, as defined in section 8.4 of [1], test the false alarm rate and
detection rate of the PRACH in various environments. For a demonstration of how to perform the
PRACH false alarm rate test specified in section 8.4.1, see “PRACH False Alarm Probability
Conformance Test” on page 2-537. For a demonstration of how to perform the PRACH detection rate
test specified in section 8.4.2, see “PRACH Detection Conformance Test” on page 2-532.

References

[1] 3GPP TS 36.104. “Evolved Universal Terrestrial Radio Access (E-UTRA); Base Station (BS) Radio
Transmission and Reception.” 3rd Generation Partnership Project; Technical Specification
Group Radio Access Network. URL: https://www.3gpp.org.

[2] 3GPP TS 36.212. “Evolved Universal Terrestrial Radio Access (E-UTRA); Multiplexing and channel
coding.” 3rd Generation Partnership Project; Technical Specification Group Radio Access
Network. URL: https://www.3gpp.org.
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See Also
1tePRACH | LTtePRACHINnfo | LtePRACHDetect | zadoffChuSeq

Related Examples
. “PRACH False Alarm Probability Conformance Test” on page 2-537
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Uplink Control Channel Format 1

1-56

In this section...

“Uplink Control Information on PUCCH Format 1” on page 1-56
“PUCCH Format 1, 1a, and 1b” on page 1-56

“Demodulation Reference Signals on PUCCH Format 1” on page 1-57
“PUCCH Format 1 Resource Element Mapping” on page 1-60

The physical uplink control channel format 1 is a transmission channel used to carry information
regarding scheduling requests in which the UE requests resources to transmit UL-SCH. It is also
used to send acknowledgement responses and retransmission requests (ACK and NACK).

Uplink Control Information on PUCCH Format 1

* “Channel Coding for UCI HARQ-ACK” on page 1-56
* “Channel coding for UCI Scheduling Request” on page 1-56

Format 1 uplink control information (UCI) contains scheduling requests and acknowledgement
responses or retransmission requests (ACK and NACK).

Channel Coding for UCI HARQ-ACK

The HARQ acknowledgement bits are received from higher layers. Depending on the number of
codewords present, a HARQ acknowledgment consists of 1 or 2 information bits. A positive
acknowledgement (ACK) is encoded as a binary 1, while a negative acknowledgement (NACK) is
encoded as a binary 0. The HARQ-ACK bits are then processed, as required by the PUCCH.

Channel coding for UCI Scheduling Request

The scheduling request indication is received from higher layers. Zero information bits are used to
request resources to transmit UL-SCH. However, the eNodeB knows when to expect a scheduling
request from each UE within the cell. Therefore, if PUCCH energy is detected, the eNodeB will
identify it as a scheduling request from the corresponding UE.

PUCCH Format 1, 1a, and 1b

The various PUCCH Format 1 messages used are identified by the type of control information they
carry and the number of control bits they require per subframe. The three PUCCH format 1 types,
their modulation schemes, and the number of information bits they use are shown in the following
table.

PUCCH format Modulation scheme |Number of bits per

subframe, M,;,

Type of control
information

1 n/a n/a Scheduling request
la BPSK 1 HARQ-ACK (1 bit)
1b QPSK 2 HARQ-ACK (2 bits)

The bandwidth available during one subframe of a single resource block exceeds that needed for the
control signaling information of a single user terminal. To make efficient use of the available
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resources, the resource block can be shared by multiple user terminals. Even though the same RB is
used for the PUCCH Formats 1, 1a and 1b, there is no possibility of intra-cell interference if different
cyclic shifts of the same base reference sequence are used. Moreover, for PUCCH Formats 1, 1a and
1b, an extra degree of freedom is provided by applying an orthogonal cover code.

Format 1

A request for uplink resources can be made by means of the random access channel. However, due to
the probability of collisions during high intensity periods, an alternative method is provided using the
PUCCH Format 1.

Each UE in the cell is assigned a specific resource index mapping, a resource which can be used
every nth frame to transmit a scheduling request. Therefore, if PUCCH energy is detected, the
eNodeB will identify it as a scheduling request from the corresponding UE. Since each UE will have a
specific resource allocated, there is no probability of a collision. However, the number of available
PUCCH resources is reduced.

Format 1la and 1b

For transmission of the hybrid-ARQ acknowledgement, the HARQ ACK bits are used to generate a
BPSK/QPSK symbol, depending on the number of codewords present. The modulated symbol is then
used to generate the signal to be transmitted in each of the two PUCCH slots.

Demodulation Reference Signals on PUCCH Format 1

Demodulation reference signals associated with the PUCCH format 1 are used by the base station to
perform channel estimation and allow for coherent demodulation of the received signal.

These reference signals are time-multiplexed with data, whereas in the downlink there is both time
and frequency multiplexing. This multiplexing is performed to maintain the single-carrier nature of
the SC-FDMA signal, which ensures that all data carriers are contiguous.

DRS Generation

* “Base Sequence” on page 1-58
* “DRS Grouping” on page 1-59

The demodulation reference signals are generated using a base sequence denoted by ry (n), which is

discussed further in “Base Sequence” on page 1-58. More specifically, rPUCCH

PUCCH format 1 DRS sequence and is defined by the following equation.

is used to denote the

PUCCH, RS
rPUCCH|NRS ™" MSC 4 mMES + n| = w(m)r{@,(n)

It is desired that the DRS sequences have small power variations in time and frequency, resulting in
high power amplifier efficiency and comparable channel estimation quality for all frequency
components. Zadoff-Chu sequences are good candidates, since they exhibit constant power in time
and frequency. However, there are a limited number of Zadoff-Chu sequences; therefore, they are not
suitable on their own.

The generation and mapping of the DRS associated with the PUCCH format 1 are discussed further in
the following sections.
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Base Sequence
The demodulation reference signals are defined by a cyclic shift, a, of a base sequence, r.

The base sequence, r, is represented in the following equation.
rl®), = e, \(n)

The preceding equation contains the following variables.

0,.., Mgg, where Mgg is the length of the reference signal sequence.

n=
* U=0,...,29is the base sequence group number.

« V =0,1 is the sequence number within the group and only applies to reference signals of length
greater than 6 resource blocks.

A phase rotation in the frequency domain (pre-IFFT in the OFDM modulation) is equivalent to a cyclic
shift in the time domain (post IFFT in the OFDM modulation). For frequency non-selective channels
over the 12 subcarriers of a resource block, it is possible to achieve orthogonality between DRS

generated from the same base sequence if a = mH/ﬁ form=0,1,...,11, and assuming the DRS are
synchronized in time.

The orthogonality can be exploited to transmit DRS at the same time, using the same frequency
resources without mutual interference. In the PUCCH format 1 case, an extra degree of freedom can
be achieved by applying an orthogonal cover code, w(m). Generally, DRS generated from different
base sequences will not be orthogonal; however, they will present low cross-correlation properties.

To maximize the number of available Zadoff-Chu sequences, a prime length sequence is needed. The
minimum sequence length in the UL is 12, the number of subcarriers in a resource block, which is not
prime.

Therefore, Zadoff-Chu sequences are not suitable by themselves. There are effectively the following
two types of base reference sequences.

* those with a sequence length = 36 (spanning 3 or more resource blocks), which use a cyclic
extension of Zadoff-Chu sequences

» those with a sequence length < 36 (spanning 2 resource blocks), which use a special QPSK
sequence

Base sequences of length = three resource blocks

For sequences of length 3 resource blocks and larger (i.e. M§CS =3 505), the base sequence is a
repetition, with a cyclic offset of a Zadoff-Chu sequence of length N?CS, where N§§ is the largest

prime such that Nfcs < M§CS . Therefore, the base sequence will contain one complete length N§CS
Zadoff-Chu sequence plus a fractional repetition appended on the end. At the receiver the appropriate
de-repetition can be done and the zero autocorrelation property will hold across the length N?CS
vector.
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Base sequences of length = three resource blocks

For sequences shorter than three resource blocks (i.e. MECS = 12,24), the sequences are a

composition of unity modulus complex numbers drawn from a simulation generated table. These
sequences have been found through computer simulation and are specified in the LTE specifications.

DRS Grouping

There are a total of 30 sequence groups, u € {0, 1, ...,29}, each containing one sequence for length
less than or equal to 60. This corresponds to transmission bandwidths of 1,2,3,4 and 5 resource
blocks. Additionally, there are two sequences (one for v = 0 or 1) for length = 72; corresponding to
transmission bandwidths of 6 resource blocks or more.

Note that not all values of m are allowed, where m is the number of resource blocks used for
transmission. Only values for m that are the product of powers of 2, 3 and 5 are valid, as shown in the
following equation.

m = 2% x 3% x 5%2 where a; are positive integers

The reason for this restriction is that the DFT sizes of the SC-FDMA precoding operation are limited
to values which are the product of powers of 2, 3 and 5. The DFT operation can span more than one
resource block, and since each resource block has 12 subcarriers, the total number of subcarriers fed
to the DFT will be 12m. Since the result of 12m has to be the product of powers of 2, 3 and 5 this
implies that the number of resource blocks must themselves be the product of powers of 2, 3 and 5.
Therefore values of m such as 7, 11, 14, 19, etc. are not valid.

For a given time slot, the uplink reference signal sequences to use within a cell are taken from one
specific sequence group. If the same group is to be used for all slots then this is known as fixed
assignment. On the other hand, if the group number u varies for all slots within a cell this is known as

group hopping.
Fixed Group Assignment

When fixed group assignment is used, the same group number is used for all slots. For PUCCH, the
group number is a function of the cell identity number modulo 30, as shown in the following equation.

u = N%'mod30, with N¥§!' = 0,1, ..., 503
Group Hopping

If group hopping is used, the pattern is applied to the calculation of the sequence group number. This
pattern is the same for both the PUCCH and PUSCH.

This pattern is defined as the following equation.
fanng) = ST _ ye(8ng + i) - 2'mod30

As shown in the preceding equation, this group hopping pattern is a function of the slot number ng
and is calculated making use of a pseudorandom binary sequence c(k), generated using a length-30
Gold code. To generate the group hopping pattern, the PRBS generator is initialized with the
following value at the start of each radio frame.

cell
Nip

Cinit = |30~
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For PUCCH with group hopping, the group number, u, is given by the following equation.

u= (fgh(ns) + ((fo;”mode,o) + ASS))modSO

PUCCH Format 1 Resource Element Mapping

The resource blocks assigned to L1/L2 control information within a subframe are located at the edges
of the total available cell bandwidth. A frequency hopping pattern is used where the lower end of the
available UL spectrum is used in the first slot of the subframe and the higher end on the second; this
adds a level of frequency diversity.

Slot
€ —
f S
E PUCCH I RB
: i ] A
Unfragmented
UL bandwidth | : : bandwidth for PUSCH
' ; v
PUCCH ;
. I |

Bandwidth edges are used so that a large unfragmented portion of the spectrum remains to allocate
to the PUSCH. If this spectrum was fragmented by multiple PUCCHs it would not be possible to
allocate a number of contiguous RBs to a UE, hence the single carrier nature of SC-FDMA would be
lost.

There is a single index, m, derived from the PUCCH resource index and other parameters that
specifies the location of the PUCCH in time/frequency. When m is 0, the PUCCH occupies the lowest
RB in the first slot and the highest RB in the second slot of a subframe. When m is 1, the opposite
corners are used—the highest RB in the first slot and the lowest RB in the second slot. As m increases
further, the allocated resource blocks move in towards the band center as shown in the following
figure.
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UL - —
Nprp = Nrg —1 m=1 m=0
m=3
m=3
Hpgg = 0 m=0 m=1

-4+—One subframe——»

PUCCH formats 1, 1a, and 1b make use of four SC-FDMA symbols per slot. If normal cyclic prefix is
used, the remaining 3 symbols, 2 for extended cyclic prefix, are used for PUCCH demodulation
reference signal (DRS). If the sounding reference signal (SRS) overlaps the PUCCH symbols, only
three symbols are used in the second slot of the subframe. The mapping of the symbols is illustrated
in the following figure.
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4 symbols per slot used for PUCCH formats 1, 1a & 1b
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See Also

1tePUCCH1 | 1tePUCCH1Indices | L1tePUCCHIDRS | LtePUCCH1DRSIndices |
lteULResourceGrid

Related Examples

. “Model PUCCH Format 1” on page 3-12

. “PUCCH1a ACK Missed Detection Probability Conformance Test” on page 2-517

. “PUCCH1a Multi User ACK Missed Detection Probability Conformance Test” on page 2-511
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Uplink Control Channel Format 2

In this section...

“Uplink Control Information on PUCCH Format 2” on page 1-63
“PUCCH Format 2” on page 1-64
“Demodulation Reference Signals on PUCCH Format 2” on page 1-66

“PUCCH Format 2 Resource Element Mapping” on page 1-69

The Physical Uplink Control Channel (PUCCH) Format 2 is a transmission channel used to carry
information regarding channel status reports as well as Hybrid Automatic Repeat request (HARQ)
acknowledgements.

Uplink Control Information on PUCCH Format 2

* “Channel Coding for UCI CQI Indication” on page 1-63
¢ “Channel Coding for UCI CQI and HARQ-ACK” on page 1-64
The UE uses PUCCH format 2 control information to relay an estimate of the channel properties to

the base station in order to aid channel dependent scheduling. Channel status reports include
channel quality indication (CQI), rank indication (RI), and precoder matrix indication (PMI).

* COQI — represents the recommended modulation scheme and coding rate that should be used for
the downlink transmission.

* RI — provides information about the rank of the channel, which is used to determine the optimal
number of layers that should be used for the downlink transmission (only used for spatial
multiplexed systems).

* PMI — provides information about which precoding matrix to use (only used in closed loop spatial
multiplexing systems).

HARQ-ACK can also be transmitted with channel status information. Two forms of channel coding
exist—one for the CQI alone and another for the combination of CQI with HARQ-ACK.

Channel Coding for UCI CQI Indication

The CQI codewords are coded using a (20,A) block code and are a linear combination of the 13 basis
sequences denoted by M; , and defined by the following equation.

A-1
bi= > (an-Mjpmod2, wherei=0,1,2,..,B—1
n=0

The values of the basis sequence, M; ,, for a (20,A4) block code are given in the following table.

i Mo |Mi; M2 M3 My, |Mis Mjs [M,; Mz Mg M0 [Mj1; |M;;
0 1 1 0 0 0 0 0 0 0 0 1 1 0
1 1 1 1 0 0 0 0 0 0 1 1 1 0
2 1 0 0 1 0 0 1 0 1 1 1 1 1
3 1 0 1 1 0 0 0 0 1 0 1 1 1
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i Mo |Miy; M2 M3 My, |Mis Mg [M,; Mz Mg M0 [Mj1; |M;;
4 1 1 1 1 0 0 0 1 0 0 1 1 1
5 1 1 0 0 1 0 1 1 1 0 1 1 1
6 1 0 1 0 1 0 1 0 1 1 1 1 1
7 1 0 0 1 1 0 0 1 1 0 1 1 1
8 1 1 0 1 1 0 0 1 0 1 1 1 1
9 1 0 1 1 1 0 1 0 0 1 1 1 1
10 1 0 1 0 0 1 1 1 0 1 1 1 1
11 1 1 1 0 0 1 1 0 1 0 1 1 1
12 1 0 0 1 0 1 0 1 1 1 1 1 1
13 1 1 0 1 0 1 0 1 0 1 1 1 1
14 1 0 0 0 1 1 0 1 0 0 1 0 1
15 1 1 0 0 1 1 1 1 0 1 1 0 1
16 1 1 1 0 1 1 1 0 0 1 0 1 1
17 1 0 0 1 1 1 0 0 1 0 0 1 1
18 1 1 0 1 1 1 1 1 0 0 0 0 0
19 1 0 0 0 0 1 1 0 0 0 0 0 0

Together, the CQI, PMI, and RI form the channel status report. These indications can be brought
together in a range of different configurations depending on the transmission mode of the terminal.
Therefore, the total number of bits used to report the channel status condition can change, depending
on the transmission format. The bit widths for the various wideband and UE selected sub-band
reports can be found in sections 5.2.3.3.1 and 5.2.3.3.2 of [1], respectively.

Channel Coding for UCI CQI and HARQ-ACK

When HARQ acknowledgement responses are transmitted with the channel status report in a
subframe, a different method is used. Using normal cyclic prefix length, the CQI is block coded as
shown in the preceding section with the one or two HARQ-ACK bits appended to the end of the coded
CQI sequence. These are coded separately to produce an 11th complex symbol which is transmitted
with the PUCCH DRS for formats 2a and 2b.

When extended cyclic prefix is used, the CQI and HARQ bits are coded together. The channel quality
indication is multiplexed with the one or two HARQ bits and the bits are block coded as shown in the
preceding section. Bits 21 and 22 are coded separately to produce an 11th complex symbol which is

transmitted with the PUCCH DRS.

PUCCH Format 2

The three PUCCH format 2 types, their modulation schemes, and the number of information bits they
use are shown in the following table.

PUCCH format Modulation scheme |Number of bits per Type of control
subframe, My;; information
2 QPSK 20 Channel status reports
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PUCCH format Modulation scheme |Number of bits per Type of control
subframe, M,;, information
2a QPSK + BPSK 21 Channel status reports
and HARQ-ACK (1 bit)
2b QPSK + BPSK 22 Channel status reports
and HARQ-ACK (2 bits)

Format 2, 2a, and 2b

* “Scrambling” on page 1-65
* “Modulation” on page 1-65
* “Resource Element Mapping” on page 1-65

The block diagram for PUCCH format 2, 2a, and 2b is shown in the following figure.

; . Modulation Resource SC-FDMA
Scrambling —— — .
mapper clement mapper signal gen.

Scrambling

A block of 20 coded UCI bits undergoes a bit-wise XOR operation with a cell-specific scrambling
sequence.

The scrambling sequence is pseudorandom, created using a length-31 Gold sequence generator and
initialized using the slot number within the radio frame, ng, and the cell ID, N, at the start of each
subframe, as shown in the following equation.

51,9 cell
Cinit = \7]2 +Nip

Scrambling serves the purpose of intercell interference rejection. When a base station descrambles a
received bitstream with a known cell specific scrambling sequence, interference from other cells will
be descrambled incorrectly, therefore only appearing as uncorrelated noise.

Modulation

The scrambled bits are then QPSK modulated resulting in a block of complex-valued modulation
symbols. Each complex-valued symbol is multiplied with a cyclically shifted length 12 sequence.

Suppose 21 or 22 bits are available. In the case of HARQ-ACK transmission, these are coded
separately to produce an 11th complex symbol that is transmitted with the PUCCH DRS for formats
2a and 2b. As in PUCCH Formats 1, 1a, and 1b, a hopping pattern is applied to the cyclic shift to
randomize intercell interference. PUCCH Formats 2a and 2b are supported for normal cyclic prefix
only.

Resource Element Mapping

The final stage in the PUCCH format 2 processing involves mapping to resource elements. The
complete processing chain for normal cyclic prefix, including the position occupied by the PUCCH
format 2 in a subframe and in each slot, is shown in the following figure.
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The cyclic shifted sequence applied to randomize intercell interference is denoted here by r, ,. For
extended cyclic prefix, where there are only six SC-FDMA symbols per slot, the mapping to resources
changes slightly. In this case, only one reference signal is transmitted per slot, and the signal
occupies the third symbol in each slot.

Demodulation Reference Signals on PUCCH Format 2

Demodulation reference signals associated with the PUCCH format 2 are used by the base station to
perform channel estimation and allow for coherent demodulation of the received signal.

These reference signals are time-multiplexed with data, whereas in the downlink there is both time
and frequency multiplexing. This multiplexing is performed to maintain the single-carrier nature of
the SC-FDMA signal, which ensures that all data carriers are contiguous.

DRS Generation
* “Base Sequence” on page 1-67
* “DRS Grouping” on page 1-68

The demodulation reference signals are generated using a base sequence denoted by ry (n), which is

discussed further in “Base Sequence” on page 1-67. More specifically, rPUCCH is ysed to denote the
PUCCH format 2 DRS sequence and is defined by the following equation.

PUCCH, (RS
rPUCCH|mNRS ™" MSC 4 mMEZ + n| = w(m)ri®,(n)

It is desired that the DRS sequences have small power variations in time and frequency, resulting in
high power amplifier efficiency and comparable channel estimation quality for all frequency



Uplink Control Channel Format 2

components. Zadoff-Chu sequences are good candidates, since they exhibit constant power in time
and frequency. However, there are a limited number of Zadoff-Chu sequences; therefore, they are not
suitable on their own.

The generation and mapping of the DRS associated with the PUCCH format 2 are discussed further in
the following sections.

Base Sequence
The demodulation reference signals are defined by a cyclic shift, a, of a base sequence, r.
The base sequence, r, is represented in the following equation.

ri®), = e/%ry (n)

The preceding equation contains the following variables.

o,.., Mgg, where Mgg is the length of the reference signal sequence.

n=
« U=0,...,29is the base sequence group number.

« V =0,1 is the sequence number within the group and only applies to reference signals of length
greater than 6 resource blocks.

A phase rotation in the frequency domain (pre-IFFT in the OFDM modulation) is equivalent to a cyclic
shift in the time domain (post IFFT in the OFDM modulation). For frequency non-selective channels
over the 12 subcarriers of a resource block, it is possible to achieve orthogonality between DRS

generated from the same base sequence if a = mﬂ/6 form=0,1,...,11, and assuming the DRS are
synchronized in time.

To maximize the number of available Zadoff-Chu sequences, a prime length sequence is needed. The
minimum sequence length in the UL is 12, the number of subcarriers in a resource block, which is not
prime.

Therefore, Zadoff-Chu sequences are not suitable by themselves. There are effectively the following
two types of base reference sequences.

» those with a sequence length = 36 (spanning 3 or more resource blocks), which use a cyclic
extension of Zadoff-Chu sequences

» those with a sequence length < 36 (spanning 2 resource blocks), which use a special QPSK
sequence

Base sequences of length = three resource blocks

For sequences of length 3 resource blocks and larger (i.e. Mfcs = 3N§;S), the base sequence is a
repetition, with a cyclic offset of a Zadoff-Chu sequence of length N?CS, where Nfcs is the largest

prime such that N?CS < Mfcs . Therefore, the base sequence will contain one complete length N?CS
Zadoff-Chu sequence plus a fractional repetition appended on the end. At the receiver the appropriate

de-repetition can be done and the zero autocorrelation property will hold across the length N§§9
vector.
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Base sequences of length = three resource blocks

For sequences shorter than three resource blocks (i.e. MECS = 12,24), the sequences are a

composition of unity modulus complex numbers drawn from a simulation generated table. These
sequences have been found through computer simulation and are specified in the LTE specifications.

DRS Grouping

There are a total of 30 sequence groups, u € {0, 1, ...,29}, each containing one sequence for length
less than or equal to 60. This corresponds to transmission bandwidths of 1,2,3,4 and 5 resource
blocks. Additionally, there are two sequences (one for v = 0 or 1) for length = 72; corresponding to
transmission bandwidths of 6 resource blocks or more.

Note that not all values of m are allowed, where m is the number of resource blocks used for
transmission. Only values for m that are the product of powers of 2, 3 and 5 are valid, as shown in the
following equation.

m = 2% x 3% x 5%2 where a; are positive integers

The reason for this restriction is that the DFT sizes of the SC-FDMA precoding operation are limited
to values which are the product of powers of 2, 3 and 5. The DFT operation can span more than one
resource block, and since each resource block has 12 subcarriers, the total number of subcarriers fed
to the DFT will be 12m. Since the result of 12m has to be the product of powers of 2, 3 and 5 this
implies that the number of resource blocks must themselves be the product of powers of 2, 3 and 5.
Therefore values of m such as 7, 11, 14, 19, etc. are not valid.

For a given time slot, the uplink reference signal sequences to use within a cell are taken from one
specific sequence group. If the same group is to be used for all slots then this is known as fixed
assignment. On the other hand, if the group number u varies for all slots within a cell this is known as

group hopping.
Fixed Group Assignment

When fixed group assignment is used, the same group number is used for all slots. For PUCCH, the
group number is a function of the cell identity number modulo 30, as shown in the following equation.

u = N%'mod30, with N¥§!' = 0,1, ..., 503
Group Hopping

If group hopping is used, the pattern is applied to the calculation of the sequence group number. This
pattern is the same for both the PUCCH and PUSCH.

This pattern is defined as the following equation.
fanng) = ST _ ye(8ng + i) - 2'mod30

As shown in the preceding equation, this group hopping pattern is a function of the slot number ng
and is calculated making use of a pseudorandom binary sequence c(k), generated using a length-30
Gold code. To generate the group hopping pattern, the PRBS generator is initialized with the
following value at the start of each radio frame.

cell
Nip

Cinit = |30~
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For PUCCH with group hopping, the group number, u, is given by the following equation.

u= (fgh(ns) + ((fo;”mode,o) + ASS))modSO

PUCCH Format 2 Resource Element Mapping

The resource blocks assigned to L1/L2 control information within a subframe are located at the edges
of the total available cell bandwidth. A frequency hopping pattern is used where the lower end of the
available UL spectrum is used in the first slot of the subframe and the higher end on the second; this
adds a level of frequency diversity.

Slot
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Bandwidth edges are used so that a large unfragmented portion of the spectrum remains to allocate
to the PUSCH. If this spectrum was fragmented by multiple PUCCHs it would not be possible to
allocate a number of contiguous RBs to a UE, hence the single carrier nature of SC-FDMA would be
lost.

There is a single index, m, derived from the PUCCH resource index and other parameters that
specifies the location of the PUCCH in time/frequency. When m is 0, the PUCCH occupies the lowest
RB in the first slot and the highest RB in the second slot of a subframe. When m is 1, the opposite
corners are used—the highest RB in the first slot and the lowest RB in the second slot. As m increases
further, the allocated resource blocks move in towards the band center as shown in the following
figure.
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-4+—One subframe——»

The resource for PUCCH formats 2, 2a, and 2b is indicated by a single scalar value called resource
index. From this value, the cyclic shift can be determined. Time and frequency allocated resources
are not derived from this value. However, higher layers are in full control of when and where control
information is transmitted.

References

[1]1 3GPP TS 36.212. “Evolved Universal Terrestrial Radio Access (E-UTRA); Multiplexing and channel
coding.” 3rd Generation Partnership Project; Technical Specification Group Radio Access
Network. URL: https://www.3gpp.org.

See Also

1tePUCCH2 | 1tePUCCH2Indices | 1tePUCCH2DRS | LtePUCCH2DRSINndices |
lteULResourceGrid

Related Examples
. “Model PUCCH Format 2” on page 3-14
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Downlink Shared Channel

In this section...

“DL-SCH Coding” on page 1-71
“PDSCH Processing” on page 1-77

The physical downlink shared channel is used to transmit the downlink shared channel (DL-SCH). The
DL-SCH is the transport channel used for transmitting downlink data (a transport block).

DL-SCH Coding

“Transport Block CRC Attachment” on page 1-72

“Code Block Segmentation and CRC Attachment” on page 1-72
“Channel Coding” on page 1-73

“Rate Matching” on page 1-75

“Code Block Concatenation” on page 1-77

To create the PDSCH payload, a transport block of length A, denoted as ag, ay, ..., a4 — 1, undergoes
transport block CRC attachment, code block segmentation and code block CRC attachment, channel
coding, rate matching and code block concatenation. The coding steps are illustrated in the following
block diagram.
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Transport Block CRC Attachment

A cyclic redundancy check (CRC) is used for error detection in transport blocks. The entire transport
block is used to calculate the CRC parity bits. The transport block is divided by a cyclic generator
polynomial, described as gcrca4a in section 5.1.1 of [1], to generate 24 parity bits. These parity bits
are then appended to the end of transport block.

Code Block Segmentation and CRC Attachment

The input block of bits to the code segmentation block is denoted by by, by, ..., bg — 1, where

B =A+24.InLTE, a minimum and maximum code block size is specified so the block sizes are
compatible with the block sizes supported by the turbo interleaver.
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¢  Minimum code block size = 40 bits
¢ Maximum code block size, Z = 6144 bits

If the length of the input block, B, is greater than the maximum code block size, the input block is
segmented.

When the input block is segmented, it is segmented into C = [B/(Z — L)], where L is 24. Therefore,
C = [B/6120] code blocks.

Each code block has a 24-bit CRC attached to the end, calculated as described in “Transport Block
CRC Attachment” on page 1-72, but the generator polynomial, described as gcrca4p in section 5.1.1

of [1] is used.

If required, filler bits are appended to the start of the segment so that the code block sizes match a
set of valid turbo interleaver block sizes, as shown in the following figure.

filler (zero) bits for first code block only 4_‘ |_> 24 CRC bits
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If no segmentation is needed, only one code block is produced. If B is less than the minimum size,
filler bits (zeros) are added to the beginning of the code block to achieve a total of 40 bits.

Channel Coding

The code blocks undergo turbo coding. Turbo coding is a form of forward error correction that
improves the channel capacity by adding redundant information. The turbo encoder scheme used is a
Parallel Concatenated Convolutional Code (PCCC) with two recursive convolutional coders and a
“contention-free” Quadratic Permutation Polynomial (QPP) interleaver, as shown in the following
figure.
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The output of the encoder is three streams, d;EO), d,il), and d,(f), to achieve a code rate of 1/3.

Constituent Encoders

The input to the first constituent encoder is the input bit stream to the turbo coding block. The input
to the second constituent encoder is the output of the QPP interleaver, a permutated version of the
input sequence.

There are two output sequences from each encoder, a systematic (xx, X'x) and a parity (2x, Z’x). Only
one of the systematic sequences (xi) is used as an output because the other (x’) is simply a

permutated version of the chosen systematic sequence. The transfer function for each constituent
encoder is given by the following equation.

co -1 gl<D)]

go(D)

g1(D)
goD) )

The first element, 1, represents the systematic output transfer function. The second element, (—
represents the recursive convolutional output transfer function.

go(D)=1+D*+D?

gD =1+D+D3

The output for each sequence can be calculated using the transfer function.
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The encoder is initialized with all zeros. If the code block to be encoded is the 0-th and filler bits (F)
are used, the input to the encoder (cx) is set to zero and the output (xx) and (2x) set to <NULL> for
k=0,.. ,F-1.

Trellis Termination for Turbo Encoder

In a normal convolutional coder, the coder is driven to an all zeros state upon termination by
appending zeros onto the end of the input data stream. Since the decoder knows the start and end
state of the encoder, it can decode the data. Driving a recursive coder to an all zeros state using this
method is not possible. To overcome this problem, trellis termination is used.

Upon termination, the tail bits are fed back to the input of each encoder using a switch. The first
three tail bits are used to terminate each encoder.

The QPP Interleaver

The role of the interleaver is to spread the information bits such that in the event of a burst error, the
two code streams are affected differently, allowing data to still be recovered.

The output of the interleaver is a permutated version of the input data, as shown in the following
equations.

ci= CH(i),i =0,1,...(K-1)
() = (fli + fziz)modK

The variable K is the input length. The variables f; and f, are coefficients chosen depending on K, in
table 5.1.3-3 of [1]. For example, K=40, f;=3, and f,=10, yields the following sequence.

I1(i) =0,13,6,19,12,25,18, 31, 24,37, 30, 3, 36,9, 2, 15, 8, 21, 14, 27, 20, 33, 26, 39, 32, 5, 38, ...
Rate Matching

The rate matching block creates an output bitstream with a desired code rate. As the number of bits
available for transmission depends on the available resources the rate matching algorithm is capable
of producing any arbitrary rate. The three bitstreams from the turbo encoder are interleaved followed
by bit collection to create a circular buffer. Bits are selected and pruned from the buffer to create an
output bitstream with the desired code rate. The process is illustrated in the following figure.

(0]
Yk
o_m, sub-block
encoded stream o, —* interleaver [—™"
(1)
k WE
1 sub-block bit bit select .
encoded stream Gj.k o e interleaver [ | collecion | T landprune | | bitsbream 8y
V';[' E bits
2) sub-block
e e
encoded stream a“k inter]
D bits
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Sub-block Interleaver

The three sub-block interleavers used in the rate matching block are identical. Interleaving is a
technique to reduce the impact of burst errors on a signal as consecutive bits of data will not be
corrupted.

The sub-block interleaver reshapes the encode bit sequence, row-by-row, to form a matrix with
ngbblock = 32 columns and Rggbblock rows. The variable RE{,’bbloek is determined by finding the
minimum integer such that the number of encoded input bits is D < (Rggbblock X Cgfbblock). If
(R;{Ebblock X ngbblock) > D, Np <NULL>'s are appended onto the front of the encoded sequence. In this

TC TC
case, Np+D = (RSubblock X CSubbzock)-

For blocks d,io) and d,(<1), inter-column permutation is performed on the matrix to reorder the columns
as shown in the following pattern.

0, 16, 8, 24, 4, 20, 12, 28, 2, 18, 10, 26, 6, 22, 14, 30, 1, 17, 9, 25, 5, 21, 13, 29, 3, 19, 11, 27, 7, 23,
15, 31

The output of the block interleaver for blocks d;io) and d;((l) is the bit sequence read out column-by-

column from the inter-column permutated matrix to create a stream K; = (Rgffbblock X cgffbb,ock) bits
long.

For block d;((z), the elements within the matrix are permutated separately based on the permutation
pattern shown above, but modified to create a permutation which is a function of the variables

REEbb,Ock, ngbblock' k, and K. This process creates three interleaved bitstreams.
4O =y

gV

RN C)

Bit Collection, Selection, and Transmission

The bit collection stage creates a virtual circular buffer by combining the three interleaved encoded
bit streams.

v,&l) and v,(f) are combined by interlacing successive values of v,(}) and v;(f). This combination is then

appended onto the end of v,(io) to create the circular buffer wy shown in the following figure.
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Interlacing allows equal levels of protection for each parity sequence.

Bits are then selected and pruned from the circular buffer to create an output sequence length which
meets the desired code rate.

The Hybrid Automatic Repeat Request (HARQ) error correction scheme is incorporated into the rate-
matching algorithm of LTE. For any desired code rate the coded bits are output serially from the
circular buffer from a starting location, given by the redundancy version (RV), wrapping around to
the beginning of the buffer if the end of the buffer is reached. NULL bits are discarded. Different RVs
and hence starting points allow for the retransmission of selected data. Being able to select different
starting points enables the following two main methods of recombining data at the receiver in the
HARQ process.

* Chase combining — retransmissions contain the same data and parity bit.

* Incremental redundancy — retransmissions contain different information so the receiver gains
knowledge upon each retransmission.

Code Block Concatenation

In this stage, the rate matched code blocks are concatenated back together. This task is done by
sequentially concatenating the rate-matched blocks together to create the output of the channel
coding, fx fork =0,...,G - 1.

PDSCH Processing

* “PDSCH Scrambling” on page 1-78

* “Modulation” on page 1-78

* “Layer Mapping” on page 1-78

* “Precoding” on page 1-82

* “Valid Codeword, Layer and Precoding Scheme Combinations” on page 1-87

* “Mapping to Resource Elements” on page 1-87

One or two coded transport blocks (codewords) can be transmitted simultaneously on the PDSCH
depending on the precoding scheme used (see section 2.5). The coded DL-SCH code-words undergo

scrambling, modulation, layer mapping, precoding and resource element mapping as shown in the
following figure.
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code words layers

1-78

antenna ports

. Modulation Resource el.
Scrambling mapper mapper
Layer o
mapper recoding
. Meodulation Resource el.
Scrambling mapper mapper

PDSCH Scrambling

The codewords are bit-wise multiplied with an orthogonal sequence and a UE-specific scrambling
sequence to create the following sequence of symbols for each codeword, g.
(q)

5%0), .. (M - 1)

The variable Ml()?t) is the number of bits in codeword q.

The scrambling sequence is pseudo-random, created using a length-31 Gold sequence generator and

initialized using the slot number within the radio network temporary identifier associated with the

PDSCH transmission, ngyty, the cell ID, Nfen, the slot number within the radio frame, ng, and the

codeword index, g = {0, 1}, at the start of each subframe.
n
Cinit = NRNTI X 214 +gX 213 + I%J X 29 + Nf[e)“

Scrambling with a cell-specific sequence serves the purpose of intercell interference rejection. When
a UE descrambles a received bitstream with a known cell-specific scrambling sequence, interference
from other cells will be descrambled incorrectly and therefore only appear as uncorrelated noise.

Modulation

The scrambled codewords undergo QPSK, 16QAM, 64QAM, or 256QAM modulation. This choice
created flexibility to allow the scheme to maximize the data transmitted depending on the channel
conditions.

Layer Mapping

The complex symbols are mapped to one, two, or four layers depending on the number of transmit
antennas used. The complex modulated input symbols, d(i), are mapped onto v layers,

xOa), xD), ..., xvV = D).

If a single antenna port is used, only one layer is used. Therefore, x0)(j) = d(o)(i).
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Layer Mapping for Transmit Diversity

If transmitter diversity is used, the input symbols are mapped to layers based on the number of
layers.

* Two Layers — Even symbols are mapped to layer 0 and odd symbols are mapped to layer 1, as
shown in the following figure.

Layer O
{even indices)

¥

Complex modulated d®(0.d”@)... » «“0.x1..

symbols

d::n:l':[]:], d::D:' {1:] Lay‘er 1
{odd indices)

d @ 1), d@¢3), .. = =20, xC1)..

L 4

* Four Layers — The input symbols are mapped to layers sequentially, as shown in the following
figure.

Layer 0

¥

d;:nj {U:].- d::n:l':‘]:':],. —3 xi:Dfl ':U:]_._r::nj{l:].-

Layer 1
d @ (1),d(s),.. - P, Q...

¥

Complex modulated
symbols

d (o) (o), din) (1), dinﬁl{zl d (o) (3) ... La].rer 2
d@(2,a),.. > 220,22,

¥

Layer 3

¥

d::n:l {3:]‘. dnj{?:]_. o —3 J.'::E:l ':U:]_._r::!j{]-:].- .

If the total number of input symbols is not an integer multiple of four (Mé%bmodél # 0) two null

symbols are appended onto the end. This creates a total number of symbols that is an integer
multiple of four because the original number of symbols is always an integer multiple of two.

Layer Mapping for Spatial Multiplexing

In the case of spatial multiplexing, the number of layers used is always less or equal to the number of
antenna ports used for transmission of the physical channel.
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One Layer

If only one layer is used, x((i) = d).
Two Layers

* One Codeword — Even symbols are mapped to layer 0 and odd symbols are mapped to layer 1, as
shown in the following figure.

Layer 0
- (even indices)

d(0), d22).... = x20), x)....

Complex modulated symbols
codeword 0

d20), d?(1).... Layer 1
(odd indices)

dO), d23).... = xP0), xV)....

+ Two Codewords — Codeword 0 is mapped to layer 0 and codeword 1 is mapped to layer 1, as
shown in the following figure.

Complex modulated symbols Layer 0
codeword 0 >
420y, d°(1).. . d?0), d”(),... = x0), x°)....
Complex modulated symbols Layer 1
codeword 1 >
d®(0), dP(1),... d®(0), dP).... = xP(0), xP(1),...

Three Layers

In the case of three layers, codeword 0 is mapped to layer 0 and even symbols within codeword 1 are
mapped to layer 1 and odd symbols within codeword 1 are mapped to layer 2.
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Complex modulated symbols Layer 0
codeword 0 >
d(0), d“(D),... d(0), d(1),... = x90). x“(D),...
Layer 1

(even indices)

Y

6] (1 ¢)) (1)
Complex modulated symbols d7(0), d(2).... 7> x7(0), x(D)....

codeword 1
dP), dq).... Layer 2

(even indices)
dP), dV3),... —> x2(0), xP(1),...

Four Layers

In the case of four layers, two codewords must be used. In this case, the even symbols of codeword 0
are mapped to layer 0, and the odd symbols are mapped to layer 1. The even symbols of codeword 1
are mapped to layer 2, and the odd symbols are mapped to layer 3.
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Layer 0
> (even indices)

d0), d2),... = x20), xX2),...

Complex modulated symbols
codeword 0

d®0)., d%).... Layer 1
(odd indices)

dD), d2@3),... = xP), xXP),...

Layer 2
- (even indices)

(1 (1) —> @ @
Complex modulated symbols d7(0), d72),... *7(0), x7(1),...
codeword 1
d®0), dO).... Layer 3
(odd indices)
dP(D), dPR3),... = xP(0), x°(),...
Precoding

Three types of precoding are available in LTE for the PDSCH—spatial multiplexing, transmit diversity,
and single antenna port transmission. Within spatial multiplexing, there are two schemes—precoding
with large delay cyclic delay diversity (CDD), also known as open loop spatial multiplexing, and
precoding without CDD, also known as closed loop spatial multiplexing. The various types of
precoding are illustrated in the following tree diagram.

1-82



Downlink Shared Channel

Large Delay
CDD

Spatial
Multiplexing

Without CDD

Transmit
Diversity

LTE Precoding

Single
Transmission
Port

The precoder takes a block from the layer mapper, x(O(i), x(1(i), ..., xV = 1)(i), and generates a

sequence for each antenna port, yP)(i). The variable p is the transmit antenna port number, and can
assume values of {0}, {0,1}, or {0,1,2,3}.

Single Antenna Port Precoding

For transmission over a single antenna port, no processing is carried out, as shown in the following
equation.
Precoding for Large Delay CDD Spatial Multiplexing

CDD operation applies a cyclic shift, which is a delay of Nrgr/v samples to each antenna, where Npgr

is the size of the OFDM FFT. The use of CDD improves the robustness of performance by randomizing
the channel frequency response, reducing the probability of deep fading.

Precoding with CDD for spatial multiplexing is defined by the following equation.

y(O)(i) X(O)(i)
: = W(i) x D(i) x U x
y(P - 1)(1) X(V - 1)(1)
Values of the precoding matrix, W(i), of size P X v, are selected from a codebook configured by the
eNodeB and user equipment. The precoding codebook is described in “Spatial Multiplexing Precoding
Codebook” on page 1-84. Every group of symbols at index i across all available layers can use a

different precoding matrix, if required. The supporting matrices, D(i)and U, are given for a various
numbers of layers in the following table.
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Number (U D(i)
of
layers,
)
2 1(1 1 1 0
_2 1 e—jZH/Z 0 e_jZHi/Z
3 1 1 1 1 0 0
A |1 o-j2mi3 o-jam3 0 e-J2mi3
1 o~ J4m/3 o—j8m/3 0 0 o~ J4mi/3
4 1 1 1 1 1 0 0 0
1 1 e—j2H/4 e—j4H/4 e—jGH/4 0 e—jZHi/4 0 0
2 1 o= Janl4 o=j8u/4 ,—jl2m/4 0 0 o~ JAmi/4 0
1 e~ J6m/4 o—jl2m/4 o—jl8m/4 0 0 0 o~ Jomi/4

Precoding for Spatial Multiplexing without CDD

Precoding for spatial multiplexing without CDD is defined by the following equation.
X(O)(i)

= W(i) x

yP =1 X =1

y(O)(i)

Values of the precoding matrix, W(i), of size P X v, are selected from a codebook configured by the
eNodeB and user equipment. Every group of symbols at index i across all available layers can use a
different precoding matrix if required. For more information on the precoding codebook, see “Spatial
Multiplexing Precoding Codebook” on page 1-84.

Spatial Multiplexing Precoding Codebook

The precoding matrices for antenna ports {0,1} are given in the following table.

Codeboo Number of layers, v
k index
1 2
0 1 (1 1(10
ﬁ(l) ﬁ(o 1)
1 1 (1 1(1 1
ﬁ(—l] 7(1 —1)
2 1 (1 1(1 1
E(J) 2{j —j]
3 1(1 —
ﬁ(—i)

The precoding matrices for antenna ports {0,1,2,3} are given in the following table.
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Codebook u, Number of layers v
index
1 2 3 4
0 ug=[1 -1 -1 -1 wiD wie [ f2 w2 [ w9 fo
b wm=[ -j 1 jf wib wia e | wiBLE | wese f
2 1y :[1 § =4 1]’ wiD W2{12} /ﬁ Wz{lza}/ﬁ Wi /2
3 Usg =[] i1 —j]r win w3 Jﬁ W3§123}/£ w329 /2
. u=ft C1-pi2 -j a-nfef | W w2 | wie B | wine f
3 us=1 A-HN2 ; 1-pf2 i wih wih [ | Wi 3 wiBs [
6 |u=h arpiE -5 crepaf | wE | wod R | wi B | Wik
7 |w=l c1enA? g oarnfE] | WY | W | WA |
8 ug=[1 -1 1 1f wiB Wi [z w2 3 A
0 ug=[l -j -1 -jf b w9z | wi B | i fo
10 ug=[1 1 1 -1 Wil w3 12 w3 [ W=
11 up=[1 j -1 jf wil w3 [f2 wiis /3 w29 fo
12 up=1 -1 -1 1f wid Wi (2 w3 [ | wiee fo
0 [mazh 11 F 0| W | we e | v
T P R W | wPiE | P | mep
Ol PR )| mpl | e |

The precoding matrix, W,‘gs } is the matrix defined by the columns in set {s} by the following

equation.

W, = I - 2uutl/ullu,

In the preceding equation, I is a 4-by-4 identity matrix. The vector uj is given in the preceding table.

Precoding for Transmit Diversity

Precoding for transmit diversity is available on two or four antenna ports.

Two Antenna Ports

An Alamouti scheme is used for precoding, which defines the relationship between input and output

as shown in the following equation.

y(O)(zl') 10 jo Re{x(o)i
yO2) | 1]o-1 0 j|Re{x®
YOI+ 1| V[0 10 Jfm{xO
yD(2i +1) 10 -j0 im{x(1)
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In the Alamouti scheme, two consecutive symbols, x(9(i) and x1)(i), are transmitted in parallel using
two antennas with the following mapping, where the asterisk symbol (*) denotes the complex
conjugate operation.

(gl . 17 -
=) i

=2w@) 9w@) |

W
Antenna 0 J
j

Antenna 1
¥ (21) y(2i +1)

To resource element mapping —

As any two columns in the precoding matrix are orthogonal, the two symbols, x(9(i) and x1(i), can be
separated at the UE.

Four Antenna Ports

Precoding for the four antenna port case defines the relationship between the input and output as
shown in the following equation.

y O
yD(4i) 1000 jOOO
y(Z)(4i) 0000 0900
, 0000 00 0 ofRe{xO0)}
yOii+1)
0100 0 j 0 O|Relx®
(1)(4i+ 1) e{x (i
y 0000 0000 .
yPEi+1) 1000 —jo o ofRel?0}
yOui+|_ 1[0 000 00 0 ofRe{(xP0)}
yOui+2)| v2/0 000 0000 m{x®()}
y(”(4i+2) 0010 007y O Im{x(l)(i)}
/i 4 2) 0000 0000 o
000-100 o0 j|mx?0}
yOdi +2)
. 0000 000 0fm{x¥m}
YO +3) 0001 000 j
y\i +3) 0000 0000
Yy + 3) 0010 00-j0
y®4i +3)

In this scheme, two consecutive symbols are transmitted in parallel in two symbol periods using four
antennas with the following mapping, where the asterisk symbol (*) denotes the complex conjugate
operation.
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v  yi+1) y@+2) y(4i+3)

To resource element mapping —

Valid Codeword, Layer and Precoding Scheme Combinations

As a quick reference of the information described in previous sections, the valid numbers of
codewords and layers for each precoding scheme are shown in the following tables..

Single Antenna Port Transmit Diversity Spatial Multiplexing

Codewords | Layers Codewords | Layers Codewords | Layers
1 1 1 2 1 1
1 4 1 2
2 2
2 3
2 4

Mapping to Resource Elements

For each of the antenna ports used for transmission of the PDSCH, the block of complex valued

symbols, yP)(i), are mapped in sequence to resource elements not occupied by the PCFICH, PHICH,
PDCCH, PBCH, or synchronization and reference signals. The number of resource elements mapped
to is controlled by the number of resource blocks allocated to the PDSCH. The symbols are mapped
by increasing the subcarrier index and mapping all available REs within allocated resource blocks for
each OFDM symbol as shown in the following figure.
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Tracking to start of mapping of next OFDM symbol

[1]1 3GPP TS 36.212. “Evolved Universal Terrestrial Radio Access (E-UTRA); Multiplexing and channel
coding.” 3rd Generation Partnership Project; Technical Specification Group Radio Access
Network. URL: https://www.3gpp.org.

See Also
1teDLSCH | 1tePDSCH | 1tePDSCHINndices | LteDLResourceGrid | 1teDLSCHINnfo |
1teDLSCHDecode | LteLayerMap | LteLayerDemap | LteDLPrecode | LteDLDeprecode |
lteTurboEncode | LteTurboDecode | LtePDSCHPRBS | L1teCRCEncode | LteCRCDecode |
lteCodeBlockSegment | LteCodeBlockDesegment | LteRateMatchTurbo |

lteRateRecoverTurbo

Related Examples
“Model DL-SCH and PDSCH” on page 3-16
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Uplink Shared Channel

In this section...

“UL-SCH Coding” on page 1-89

“PUSCH Processing” on page 1-99

“Demodulation Reference Signals (DM-RS) on the PUSCH” on page 1-100

The physical uplink shared channel is used to transmit the uplink shared channel (UL-SCH) and L1
and L2 control information. The UL-SCH is the transport channel used for transmitting uplink data (a
transport block). L1 and L2 control signalling can carry HARQ acknowledgements for received DL-
SCH blocks, channel quality reports, and scheduling requests.

UL-SCH Coding

» “Transport Block CRC Attachment” on page 1-90

* “Code Block Segmentation and CRC Attachment” on page 1-90

* “Channel Coding” on page 1-91

* “Rate Matching” on page 1-93

* “Code Block Concatenation” on page 1-95

* “Channel Coding of Control Information with UL-SCH Data” on page 1-95

* “Data and Control Multiplexing” on page 1-98

* “Channel Interleaver” on page 1-98

* “Channel Coding of Control Information without UL-SCH Data” on page 1-98

To create the PUSCH payload a transport block of length A, denoted as ay, a1, ..., a4 — 1, undergoes
transport block coding. The encoding process includes type-24A CRC calculation, code block
segmentation and type-24B CRC attachment if any, turbo encoding, rate matching with RV and code
block concatenation. This processing is described in TS 36.212 [1], Sections 5.2.2.1 to 5.2.2.5 and
5.2.2.8.

The transport block coding and control information coding and multiplexing steps are illustrated in
the following block diagram.
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It is possible for the PUSCH to carry only control information and no data. In this case, only the
control information coding and multiplexing chain are followed as per the preceding diagram.

Transport Block CRC Attachment

A cyclic redundancy check (CRC) is used for error detection in transport blocks. The entire transport
block is used to calculate the CRC parity bits. The transport block is divided by a cyclic generator
polynomial, described as gcreaaa in section 5.1.1 of [1], to generate 24 parity bits. These parity bits

are then appended to the end of transport block.
Code Block Segmentation and CRC Attachment

The input block of bits to the code segmentation block is denoted by by, by, ..., bg — 1, where

B=A+24.InLTE, a minimum and maximum code block size is specified so the block sizes are
compatible with the block sizes supported by the turbo interleaver.

¢ Minimum code block size = 40 bits
¢  Maximum code block size, Z = 6144 bits

If the length of the input block, B, is greater than the maximum code block size, the input block is
segmented.

When the input block is segmented, it is segmented into C = [B/(Z — L)], where L is 24. Therefore,
C = [B/6120] code blocks.

Each code block has a 24-bit CRC attached to the end, calculated as described in “Transport Block
CRC Attachment” on page 1-90, but the generator polynomial, described as gcrco4p in section 5.1.1

of [1] is used.

If required, filler bits are appended to the start of the segment so that the code block sizes match a
set of valid turbo interleaver block sizes, as shown in the following figure.
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