Study week 3.

3.4.1 Low-Rate QAM-Type of Input Signals

x(t) ——————=

h(t)

— (1)

Figure 3.11: Bandpass filtering.

x(t) = x1(t) cos(wet) — xg(t) sin(w.t) = Re{i(t)e?*}

() = 21(t) + jag(t)

This complex signal contains the information!
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x(t) = xr(t) cos(wet) — xg(t) sin(w.t) = Re{i:_(t)ejwct}

-l

(3.103)

)= [ hna—rydr = [ hnRe(a(e - r)ere ) yr -

oKD

— D

— Re {ej“"—“f‘ / h(T)x(t — T)e_j“’deT}

3 assumptions:

1) The duration of the impulse response hi(t) can be considered to be equal
to Tj. This means that essentially all the energy in h(#) is assumed to be
contained within the time interval 0 < ¢ < T3,

2) The input signal is assumed to be a QAM-tyvpe of signal with duration
T - TS:

0 t <0
x(t) = Acos(wet) — Bsin(wet) = VAZ + BZcos(wot +v) . 0<t<T.
0 t =T,
(3.106)

3) T, =Ty ("low” signaling rate).
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o A+ jB=vVvAZT 1 B2 |, 0<t<T, ‘
P(t) = (3.108)

0 . otherwise

. Th s . .
2(t) = Re {eﬂ“‘*—*f / h(r)VAZ + B2 PJ’”PJ“"‘T{fr} _
o0

= Re{V/A? 4 B2 ¢ - H(f.)e?""} =

— [H(£.)|V A2 + B? cos(wet + v + (f.)) = A, cos(wet) — B, sin(w.t)
(3.100)

Hence, a QAM-signal at the output in this time interval!

However, attenuation and rotation compared with the input!
Compare with the input x(t) in (3.106)!

A.+jB. =(A+jB)H(f.) = \;""42 + BQ|H[f(,:j||e~"':”+'f":f“:'j —
= (A+JB)(Hp(f:) + iHrm(fe)) (3.110)
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A +jB. = (A+iB)H(f) = VA + BIH(f.)|e+00-) =
— {*4+?BJ[HRE{JFFJ + 3Hpm(fe)) (3.110)

A COMPACT MODEL WITH ACOMPLEX CHANNEL PARAMETER!!

Q
A Input
5 - (AB)
¢<fc)/1 v A
I \ | | > I
Output |
(A_B)

Figure 3.13: Illustrating that the input I-() amplitudes (A,B) are scaled and
rotated by the channel H(f), see (3.109) and (3.110).
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(0 L t<0

“non-stationary transient” starting interval ., 0 <t < T}

[y
—
~+
-

[
L

|H(fo)|VA? + B? cos(wet +v + ¢(fe)) s Th =t =T,

“non-stationary transient” ending interval |, T. <t <7, + T}

0 , t > T+ Th

%

and within 1), =t <71., A. +jB. =(A+ jB)H(f.)

(3.111)

An tmportant result here is that the input QAM signal x(t) in (3.106)
is changed to a new QAM signal by |H( f.)| and @(fe) in the interval
Th <t < Ts. see also Figure 3.13 and (3.110) how the I-Q components
are changed. Furthermore, in OFDM applications the signaling rate 1/7, is
low such that T, = T}, and many QAM signals with different carrier frequencies
are sent in parallel. Due to linearity, the result in (3.111) can be applied
to each QAM signal in the OFDM signal by replacing f. with f,. In
OFDM applications the receiver uses the time interval Ay < ¢ < T for detection
of the output QAM signals, and the duration of this observation interval is
denoted T4, = T — Ay (compare with (2.110) on page 51, and T3 < Ay ).
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So, the n:th QAM signal constellation in a sent OFDM
signal Is attenuated and rotated by H(fn) which is the
value of the channel transfer function H(f) at the
carrier frequency fn.

Digital communications - Advanced 6
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3.4.3 N-Ray Channel Model

N N
2(t) = x(t) * Z 0 (t — ;) Z a;x(t —7;) (3.126)
i=1
Impulse re;ponse h{tj
N
H(f) = F{h(t)} Z e 92 I (3.128)
So, H(fc) is easy to find!
EXAMPLE 3.20
Rough sketch:
(o l+D‘~.32
A\ b/\ N
£ [Hz]
12]—- 'I]_ TEle

It is seen wn this figure that the two signal paths add constructively or de-
structively (fading) depending on the frequency. Furthermorve, if o1 = a2
then |H(f)| is very close to zero at certain frequencies (so-called deep fades)!
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EXAMPLE 3.19

" Delay 2 us

Delay 1 us

4
s, () 4 z,(t)
o () (D— =
sqit) Z,(t)
The signal zi(t) = s:(t) « h(t) is the output signal corresponding to the input signal
& (th, 1 =0,1. Determine and sketeh zo(t) and z(t) if oy = 001, ay = —0.01, and
ey = 0.01.

Your conclusions concerning cheice of bit rate to aveid everlapping signal alternatives
after the channel¥
Solution:

3

G -G

ze(t) = auselt — 7)) = 0.01sg(t) — 0018 (1 — 1077) + 00Lse (£ — 2-1077), £ =10,1

f=1
wields,

z1[t]= —zn[t]

rs

0014

* t[ps]

-0.014

Oheerve that the zignal alternatives are changed significantly by the
channel {filtering), and that the duration of both signal alternatives is
tnereased from 1 [psf before the channel, to 3ps] after the channel!

If the bit rate is reduced to at most IDB.,-’S bps, then no overlap of signal alternatives
will erist after the channel. a

Digital communications - Advanced
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See (3.109)-(3.110)!

See (3.110)!

5.34 Consider a communication system where N, M-ary QAM signals are sent

simultanecusly (from N; antennas). The n:th transmitted M-ary QAWM
signal is denoted s, (t],

st = Alnligit) cosjwt) — Binlg(t) sinfwf) (5.133)
for n = 1,2,....N;. Note that the same carrier frequency is used for all
N transmitted QAM signals!

The receiver is assumed to have N receiving antennas. The received signal
ri(t) at the k:th receiving antenna 1= here modelled as

N
relt) = Z ([Hf;anJ - Hiﬂﬂm;] gl cosfwt)— _ _
= (5.134)
— [HEB(n) + HLT A(n)] g(t) sin{wt)) + wy(t)
for k = ... The variahles Hf; and Hgﬂ models how the n:th

tr msmltted Q%.M signal is received at the kith receiving antenna (atten-
uation and rotation of the 1-0} components).

After I and &) demodulation of v (f) to baseband, the receiver obtains the
noisy signal space coordinates, here collected in vy as
N, N,
=3 (HEA(n) — HEmB(m) +5Y " (HESB(n) + HERA(m)
n=1 =1

received [ 1I-;:u::‘m1:1:_':11-3:1'11, recelved t?vcampanent
i e BN R
+ lwi” +gwg )
——
due to AWGN

(5.135)
Mote that complex notation (7% = —1) is used in (5.135)!
Let us now introduce the complex notations:
dp, = A(n) + jB(n)
op . = HES + jH{T (5.136)

T

Wy = u.,f “ 4+ juwy

Digital communications - Advanced
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Then (5.135) can be formulated as,

Ne
=3 okads tuwr k=12, N, (5.137)
n=1

A compact formulation is now obtained as

1 dy FTa]
= ; =A ; + ; =Ad+w (5.138)
;I‘_nrr d.ﬁrg ?_(:_;\rr

where the N = Ny matrix A contains the channel coefficients {ag .+, The
relationship in (5.138) is a basic model in so-called multiple-input multiple-
output (MIMO) systems.

The MIMO model is illustrated in the figure below,

MIMO MODEL

_‘ﬂ.
i
¥
¥
i
!
i
I
{
=
1<
omo =

W,
- LY
— /
ik r o
N a \I/ d)_, 3 fa,
n
" o o —= d |
T : N I
— - _ |
__.f:c"__-“-.’,' #hip R I\ Ty f
T - 4 u
':'n._\"/ A Ty L
W =
Ne
TR = E Ol + W
n=1

\ery important!

SISO

SIMO

MISO

MIMO

Diversity gain

Spatial multiplexing gain

z=Ad is the received signalpoint and

w is the additive noise vector.

64-QAM+Nt=8 (48bits): ML symbol decision rule ..............7
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Chapter 8

Trellis-coded Signals

- : sn(t)
bl | Biock encoder m [1] = %r _ S{t}._
Ry, rate k/n Ry =Ry nk | (1)
[ ] =L 1=
N ."l k ' II"
ko nf 2k parity bits
information bits — -
n
a)
Modulo-2 addition
V
b [ b[i-2 lori 1| s0® | s
(1] = Delay —e={ Delay [1- ]:: Delay bli-3] I\ m [i], or b—
Ry, L | = s1(0
= @ = @
Coded binary symbols
b) R; =2Fy,

Figure 8.1: a) Block coding, r. = k/n. b)

Digital communications - Advanced
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®) E—={ 0011

Delay I) Delay

=n
=
=
—
—
T
=
—

——== Delay Delay I
@ @ @%‘- 0101 m [1] 3 E(t}l
0123 =~ 5@, _, —
2) Fs=FRp .
QPSK signals
bo[i] bo[1-1]
Delay j\ =] Delay @ 00001111
b [1 Seria
L] _| Sersl @) ! 00110011
Ry parallel by [i-1]
10
- [_][ Delay ,J Delay @ 01010101 :
1l | m[1 s(t)
| 01234567 o) se®}]_ =
| Ep £=0
b Rs=
=
= 8-PSK

signals

Figure 8.2: a) Rate r. = 1/2 convolutional encoder combined with QPSK; b)
Rate r. = 2/3 convolutional encoder combined with 8-PSK, from [63], [64].

Digital communications - Advanced 12
course: week 3



Sy T
0011 e |
b i
Rp o] J'_ ' QPSE signal
2O 2 ~Or= w0t |wa [ 5 |
=4 = =y 0123 = (5t} ng —=
a) B:=Fy
B[]
‘L
1
R i A S
3 10123
b}
— T
ol
Current srate
o 1 2 3 4 5 6 7
.

Mext state /| ourput siznal munber

dj

Figure 2.4:

a) A rate 1/2 convolutional encoder combined with QPSK signal
alternatives

: b) A specific input sequence b[é]; ¢) The corresponding path in the
trellis; d) A trellis section, and a table containing all relevant parameters.
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e T
54 5
bafi] b [i-1 :
21E - . -
i |—|"l1“‘* 00001111 = 5]
b [i] Sarial 00110011
—e o - -
Ry, [bs] parallel % m [1] ] }-. =(t}
234567 {zgith}! .
eith,
by i-1] bfi-2] | TR
N sigpals
a)
Current state o [i]
(000 (00T} (0103 (011) (1007 (1013 (1100 (111)
o 1 3 4 3 & 7
. {3) o0 02 Ll L3 04 Wwe LS 1T
¥ |"Irt’2:'l:\" ()| 2+ 26 35 37 2w 22 31 33
U \by[i] 1 4 ] Je] & 4 57
U ()42 40 53 os1 a6 44 57 ss
{) 66 64 T TS 62 60 T3 71
)] o[i+1] /m[i]
iTs (i+11Ts
4]

Figure 8.6: a) An example of TCM, from [63]-[64]; b) The mappings F{-,-) and
G- -); e) A trellis section.
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Memory (redundancy, dependancy) is introduced among the sent signal alternatives!

This gives us some new properties like, e.g.,:

Which of the following signal sequences are impossible?

s3(t), sa(t — Tb), s1(t — 2T3), s1(t — 3Tp)

s3(t), sa(t — 1), s2(t — 2T, 81 (t — 3T3)

s3(t), s1(t — Ts), so(t — 2T), sa(t — 3T%)

sa(t).s1(t — Tp), sa(t — 2T%), s1(t — 3T%) Note: In the uncoded case all signal sequences
are possible.

L

Find the “missing” signal, in the sequence below,

HIUH,I Fi3l.i? — Tb:l 7, "‘2“ — q!rTb:I -"'1'3|:1!L — '—11'_‘{,:.1.. -":hj[;f- — GT,I_-,.\.I

Note: This is not possible to do in the uncoded case!

Digital communications - Advanced 15
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2.32 Let us here study adaptive coding and modulation according to the block
diagram helow,.

b —» Encoder € » {SE{I}}E;E — s(t)
— ‘ ke , Lo
E.w-r;-!" = Te l‘jgi[ﬂf,:'Eb_m-rrf = - ]032':\JHLI]EJJ_.Hf-m [b"l'
"

_ 1 1 1 1 i

R.=1/T, = — Ry = — R B0
b r. logs(M) E kE/n log, (M) E |

W =c- K, (8.6)

Typically, the bandwidth W is fixed and given but:
the rate of the encoder

the number of signal alternatives

and the bit rate can be ADAPTIVE, see (8.5)-(8.6)!
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We have memory In the seqguence
of sent signal alternatives!

Some seguences are impossible, see problem!

Only ”good” sequences are sent!

Digital communications - Advanced 17
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OFDM - INTRO
OFDM signal(t) = g,...(t) YE=3 Re{a,e/*™ &'} = g, (t)Re{Yiz5 a,e/* ™t} =

= Groc(t)RE[TEL a, eT27Ue*k D)) = g (\Re[(YKCL a, @I2M(G0+K)faT) g S2MFret ) =

= Grec(t)Re{(XXZ3 aye/2mourat)gl2nfret | (1.13)

Equation (1.13) shows that an OFDM signal can be viewed as the sum of K QAM signals.

A = Qg +jage k=01 ,K—1 (1.5)
Tops = Ts — Tep (1.18)
fd — 1:/Tﬂbs (21)
B/2
Y(f)

~,

Figure 3a.

Digital communications - Advanced 18
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fe=fo+kfa, k=01..,K-1 (1.1)

Worpm ® Kfy (Hz) (1.3)

The transnutted information bit rate, denoted R, , then equals,

K—-1
REJ‘ = rﬂEk:D;:'gz (M) {bpS)

Furthermore, assuming also that K 1s >> 1 the bandwidth efficiency, denoted p, 1s

K-1
P _ Rp _ ﬂ:‘Ek:u EUHE{:MF{] {bpgl.-l_:[z)

Worpm TKfa

Digital communications - Advanced
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As an example: Let us consider the WLAN standard IEEE 802.11n (see ref. [11]). In this system
OFDM i1s used with K=117. f, = 312.5 kHz and T, = 4 ps (normal). Of the 117 subcarriers. the 3
center subcarriers are set to zero, 108 subcarriers are used for data transmission. and 6 subcarriers are
used as pilots. In case of 1. = 5/6, and 64-QAM on each of the 108 subcarriers, the information bit
rate equals 135 Mbps. Furthermore. for this scheme Wyzpy = 36.6 MHz (the nominal bandwidth 1s
40 MHz).

Digital communications - Advanced 20
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As an example: Let us consider LTE-systems (Long-Term Evolution). In LTE (from ref. [9]). OFDM

isused and f, = = 15 kHz (which means that T,;; = 66.67 us, see Equation (2.1) in section 2).

obs

A typical OFDM symbol interval T, in LTE 1s 71.36 ps, and 14 consecutive OFDM signals are then
generated every ms. Furthermore. a so-called resource block in LTE typically consists of 12
consecutive sub-carrier frequencies (covering 180 kHz) and 7 consecutive OFDM symbol intervals
(covering 0.5 ms). Hence, such a resource block contains 84 resource units (i.e. 84 QAM signal
points). Within a 20 Mhz bandwidth typically 110 such resource blocks are defined. covering 19.8
MHz and corresponding to K=1320.

Digital communications - Advanced 21
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Create K QAM
symbols
from coded
bits.
Create the
size-N input
sequence to
the IDFT.

il
.

—»

Calculate the
size-N output

SEqUEnce
from the |DFT.

—

Append the
size-L CP to
the beginning
of the IDFT
output
sequence,
resulting in a
size [L+N)
sequUence.

>

Perform DfA
conversion to
produce
continuous
time signals
from discrete
time signals.

Frequency
up-Conversion.
Power
amplifier.
Antenna
coupling unit.

Discrete-time operations

Continuous-time operation
=l

5
[
L

-

Figure 1. Hlustrates the over-all structure and operations performed by an OFDM transmitter within an
OFDM symbol interval T,
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Antenna
) ) Perfarm A/D
coupling unit. A Remowve the Lr ) )
conversion to Decoding unit.
Bandpass (BP) samples that
) produce Calculate the
filter. ) ) correspond to ) Extract the K ) )
; discrete-time ) size-Nr output ) This results in
Low-noise ) the CP. This distorted and
. signals from [ A i sequence ) ~» the segquence
amplifier A results in a noisy QAM
continuous ) ) from the DFT. ) ] of decoded
[LMA). ) ) size-Nr input signal points. ) .
time signals. information
Frequency sequence to )
Lr+Nr samples bits.
down . the DFT.
) are obtained.
CONVErsion

Eﬂntin ugus-time operations_
L

Discrete-time operations

Digital communications - Advanced
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¥

Figure 2. Illustrates the over-all structure and operations performed by an OFDM receiver within an
OFDM symbol interval T,.
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Analog l-component of the

- e
Rel} — A —5 (r } OFDM signal
Xo. Xe. ... Xy IDFT x_ u
™ Equ.[2.26) *| AddCP
u Analog Q-compont of the
L im{y | "Imy o _.'SQ (I'-] OFDM signal

Figure 7. Block diagram 1llustrating the operations in the digital domain, and the transition to the
analog domain.

cos(2nf.t + ¢)
.

s;(t) u®~ | T

.r"’Fﬁ"-.I S[t} o POWET Antenna

()4‘% J
st ]

—sin(2nf.t + ¢)

k. J

amplifier | coupling unit

Figure 8. Block diagram illustrating frequency up-conversion (mixer stage) to the carrier frequency (K
is odd), the power amplifier, and the antenna coupling unit. The OFDM signal s(t) is given in
equation (4.1).
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hit)

q (f)—r Hif)

—z(t)

Figure 9. [llustrating a linear tume-mvariant filter channel.

INPUT OFDM: As(t) = ARe{YX_] a, e/(@mfuttOn)}

OUTPUT OFDM: z(t) = ARe{YXZd a, H(f,) e/ @™ /nt+on)],

Digital communications - Advanced
course: week 4

Tep<t< T,

(5.13)

25



cos(2mf.t + ¢,)

T (Ol e L (r)

Antenna Band-pass Low-noise rf'[t}
coupling uni filter amplifier

¥

i 4

(S s (D)

—sin(2nf.t + ¢,.)

Figure 10. Tllustrating the first part of the recerver: the antenna coupling unit, band-pass filter (wide),
low-noise amplifier (LNA) and a homodyne unit for frequency down-conversion and extracting the
baseband signals r7(t) and rg(t). It 15 here assumed that K 1s odd for which f.. = f;.

r
Remove
Tf(r) e ASD — the P L . -
F R Rearranging
and remove —
' T " (Nk) noise | »Td Ha + n
samples
(t)——> aD —» Remove | Q l Equ.(6.22) | samples |
IQ[ } the CP

Figure 11. Tllustrating sampling, removal of the CP, and the size-N DFT in the receiver to extract the K

recerved distorted and noisy signal points collected in the size-K vector r 4. 2



OFDM signal(t) = g,..(t) X5=3 Re{a,e/*™x*} = g, (t)Re{¥Y =g a,e’?™ k] =

= Grec(D)Re{YRI apel?™otkiat) — g (t)Re{(ThZg aye 2™ GotkIfatypi2mfrct ] —

= grec{:f}RE{{:Zf;Ul akgﬂ“gkfatjgﬂﬁfmr}

fe =fre + gxfa, k=01, K—1 (1.8)

The numbers g, range from g, to gx_;.

E-1

gy —T = Hor s —LD,L arey

"= gg-1 ifKisodd

.91::_T=Hne---:_1-ﬂ-1:---e§=§ﬁr—1 1f K 1s even

Digital communications - Advanced
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}'{f} = Rg{( f;{:: akgjzjrgkfdt}gjznfrﬂr} — Rg{x(:t)e.fzn.frcf}

(2.2)
V()
> f
Xa(f)
N
AT
7‘/ \": }\ [ Il'n |'II II'l ||II I'l II|I
Fgd A > f

F‘ RERRRRA

igure 3b. B 3fﬂ . 4fﬂ
x{t} = .I'Re[:t) + j.l'fm {f} = Ef;& g gl2mgrfat 0<t< Ty .

Observe in Equation (2.3) that the QAM symbol a; (k=0.1.....(K-1)). is carried by the baseband
sub-carrier frequency gif 4 in the complex baseband OFDM signal x(t)!

Digital communications - Advanced
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The high-frequency OFDM signal y(t) m Equation (2.2) can be written as,
v(t) = Re{x(t)e*™re'} = xp,(t) cos(2nfpet) — Xpm (t) sin(2mfct) (2.5)

Equation (2.5) 1s an important relationship since it shows that the OFDM-signal v(t) 1s easily

implemented as soon as we have created the real part x5, (t) and the imaginary part x;,,, (t) of x(t).

We should therefore focus on creating x(t), since xgo(t) and xp,, (t) then are easy to find.

Digital communications - Advanced 29
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Tobs
N

within the time-interval 0 = ¢ < T,;,;. This corresponds to a sampling frequency f;,,, equal to,

Let us now sample the complex signal x(t) in Equation (2.3) every second, 1.e. with N samples

f.;'amp =N/Tops = Nfa = Kf4 (2.12)

samples per second, and N should be chosen larger than K. and large enough such that the sampling
theorem can be considered to be sufficiently fulfilled.

Xp = X(NTops/N) = T¥Z3 ape’?™ /¥ n=01..,(N—1) (2.13)

Observe that the right hand side of equation (2.13) actually gives us a way to create the desired
samples X, X, ..., Xpy_, of the complex baseband OFDM signal x(t)!

the Fourter fransform X (v) of the discrete-time signal x 1n Equation

(2.13). X(v) is defined by, see ref [1],
X(v) =3YN2x, e J2mvn (2.14)

Note mn Equation (2.14) that the Fourier transform X (v) 1s periodic in v with period 1. Furthermore,
the variable v can be viewed as a normalized frequency variable, v = f/f;;mp- The periodicity in v

15 1llustrated in Figure 4 on the next page.

Digital communications - Advanced
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X(v)

//n"

-3/2 -1 -1/2 1/2 1 3/2

Figure 4. [lustrating that X (v) 1s periodic in v with period 1. The shape of X(v) in this figure is an
example of a Fourier transform of a discrete-time complex signal
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Xp = x(NTops /N) = T¥3 ape?™e/¥ = 0,1..,(N—1) (2.13)

X(v) = XNZg x,e7izmm (2.14)

Furthermore, let X, denote the frequency-domain sample of X(v) atv = m/N, defined by
X =X(v=m/N) = YN 3 xpe™2mm/N - =01,..,.N—1 (DFT) (2.15)
This 15 the defimtion (see ref. [1]) of the size-N DFT (Discrete Fourier Transform) of the sequence x.

However, for the moment we are particularly interested in the size-N IDFT (Inverse Discrete Fourier
transform) which is defined by (see ref. [1]),

Xp = T INT o2/ =01, N—1 (IDFT) (2.16)

Hence, as soon as we have determined the samples in the frequency domain Xg, X4, ... Xy_q1 we
should use them in the size-N IDFT in Equation (2.16) to create the desired sequence of time-
domain samples x! The values X, will be determined in step 3.

In practice, N is chosen to be a power of 2 since fast Fournier transform (FFT) algorithms then can be
used to sigmificantly speed up the calculations i Equations (2.15) - (2.16).
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Step 3: The relation between the sequences ag, ay, ..., ag—; and Xg, X1, ..., Xy—1.

Let us use Equation (2.13) to establish the connection between the sequences ag, ay, ..., ag—; and
Xo, Xy, .o, Xy—1. We rewrite Equation (2.13) n the following way,

iz
J’!Tabs ITORY k-1, i2m(ge+k)n/N —
=Yigage N =Yilgage ° =

fn

_1 =
_Ekﬁ'n E,;er{g{,+Ic+N]an +2L——g ake_an'{gu+k]m,-’N —

=3V~ 1ga+N Ay (gu+w)9"2"mnm + Y9G o pi2mmn/N _
= S TNZh Xy el2mmn/N (2.18)
Inspection of Equation (2.18) yields the relationships below:
Xm=Nam—g,, tf 0=m<=gg, (2.19)
Xm =0, if gg1+l=m=gg+N-1 (2.20)
Xm = Nam—(go+ny,if go+N=m=N-—-1 (2.21)

The last expression in Equation (2.18) 1s 1dentical to the size-N IDFT in Equation (2.16). The relation
between the sequences ay, ay, ..., @g_q and Xy, Xy, ..., Xyy_, are given by Equations (2.19) — (2.21).
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As an example consider a situation with K=53, N=64. In this case n,. = —gg = % = 26 and

k-1~ % = 26. From Equations (2.19) — (2.21) 1t 15 then concluded that the sub-sequence

KXo, X1, ..., X25 contains the QAM signal points a4, az7, ..., asz, the sub-sequence X5, Xag, ..., X37
contains only zero values, and the sub-sequence X3g, X34, ..., X5z contains the QAM signal points
au, ﬂ'l-’ ....azs.

Let us consider another example with K=8 N=12_In this case n,, = —gg = % =3and gg_1 =

K

= 4. From Equations (2.19) —(2.21) 1t 1s then concluded that the sub-sequence Xy, X7, X3 X3, Xs

contains the QAM signal points a,, a4, az, g, @y, the sub-sequence Xz, X, X5, Xy contains only zero
values, and the sub-sequence Xy, Xyq, Xy contains the QAM signal points ag, ay, as.
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