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Abstract: In this work shows the rules for QAM modulation - Quadrature Amplitude Modulation.
For 16-QAM modulation are given different constellation diagrams. Shows an example of
a 16-QAM modulation. Then shows a simulation of the demodulation. Calculations in Matlab.
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1 Introduction to QAM modulation

QAM modulation (Quadrature Amplitude Modulation), is a quadrature modulation of
amplitude-phase. Is used to send digital data over radio channel used in DVB broadcasts. Input to
the modulation of the form string bits. QAM modulation is a combination of amplitude modulation
and phase modulation. The data are formed into two, three, four, etc. that correspond to both
amplitude and phase. Are created according to the diagram of the constellation (Constellation
diagram). QAM signal is a linear combination of two orthogonal waveforms (shifted in phase by
n/2): cosine and sine [8, 12, 14].

There are 2" combinations created from n bits. Grouping data input n bits per symbol gives so
2" points constellation, which are often referred to as phasors, or complex vectors. Phasors related
to these points can have different amplitude and/or phase values and, therefore, this type of
modulation is called multi-level modulation, where the number of levels is equal to the number of
constellation points [2]. For n=4 bits are grouped after 4 and we have to deal with the modulation
16-QAM.

Data in digital form is divided into two streams. Then, each stream is converted to an analog
signal in the digital-to-analog converter. Analog signal can pass through a low-pass filter. In the
next stage of one signal is multiplied by the carrier, and the second by the carrier shifted in phase by
n/2. At the end of both modulation signals are summed and sent as QAM signal. Channels through
which pass signals to I (in-phase) and Q (in quadrature). Analog signal in the channel and is
multiplied by the cosine function, and an analog signal on channel Q is multiplied by sine function
(8, 12, 14].

The process of creating signal describe mathematical formulas [8, 12, 14]:

S;(2) = 4; cos(wyt + ¢;) (D
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S; (1) = A;(cos ¢, cos wyt — sin ¢, sin w,t) (2)

S;(t) = a; coswyt — b; sin vt (3)

where:
a;(t) = 4; cosg, (4)
b(1) = 4;sing, (%)

These formulas describe the equivalence of modulation amplitude and phase with the sum of
passes of the shifted in phase by n/2 [8, 12]. From the formula (3) shows that for i-this group of n
consecutive bits, the signal on the channel I has the form a;cos(wf), and the channel Q -b;sin(wof).

2  16-QAM constellation and 16-QAM modulation

As before [ was told a group of n bits shall be assigned a point in the constellation.

Constellation diagram is a graphical representation of the modulated signal digitally, for
example. using the QAM or PSK. It shows the signal as a two-dimensional graph on the complex
plane. If the signal is represented by a complex number can be selected in the complex plane. The
real axis is often called the axis of the in-phase (I), and the imaginary axis the quadrature axis (Q).
Points for all modulation signals, make up the constellation diagram are called constellation points
[9]. Each constellation point is assigned the amplitude and phase. Amplitude, the distance of the
constellation point from the origin. Phase, is the angle between the axis of the actual I (horizontal),
and the vector between the origin and the point of the constellation. Modulation 16- QAM can also
be different layouts of the constellation. There are three types of constellation. They are shown in
figure 1.
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Fig. 1. Examples of the QAM constellation types I, II and III [2, 7]

There are also different variations of these types of constellation.
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Fig. 2. a) optimum 16 levels constellation by Lucky [6]
b) not orthogonal 16-QAM modulation [10]
¢) optimum 16 levels constellation by Foschini [1]

In practice, the greatest recognition met with constellations rectangular type III presented in
figure 1. Other types of constellation does not apply due to the complexities associated with
calculations.

You must assign the points of constellation 16 combinations of four bits. You can also do so in
different ways. Important in the coding of the constellation points are to this encoding was using
Gray code. Gray code is a binary code without the weight, not position, characterised by the fact
that the next two code words differ only state one bit (in this case, two adjacent four bits to
constellation differ only by a single bit). In other words, the Hamming Distance between adjacent
four bits is 1

Each point of the constellation (i.e. each four bits are assigned coordinates in the plane.
Typically, it is assumed that the horizontal axis ,,I” and on the vertical axis ,,Q” the coordinates of
the points are: -3, -1, 1 3. This is shown in the figure 3. It is important that distance in the horizontal
and vertically between the points were the same.
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Fig. 3. Constellation diagrams for 16-QAM [13]

Other placement of four bits in the constellation can be seen in the work of [8, 9, 10, 11, 12, 15].
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Constellation diagram can be represented as a matrix (6), a two-bit parts the coded numbers a;
(4), b; (5), indicate the elements of the array that contains the amplitude I and Q component waves.
The diagram assigns to the coded numbers amplitude I and Q waves. Exactly, it |a,| is the amplitude
of the signal cos(wof) in the channel I (3), and |b;| is the amplitude of the signal -sin(wo?) in channel

Q(3).

-3,3) (1.3 @3 (@33

-3,1 -1,1 L1 3,1
(4, b]= -3 (LD @D @G ©)
(_37_1) (_15_1) (17_1) (37_1)
(_37 - 3) (_15 - 3) (17 - 3) (37 - 3)
Source: [8, 12]

So in 16-QAM modulation with a string of bits input groups after the four bits. For each four
bits, based on selected constellations, specifies the number of a; and ;. The number of the digital-
to-analog signals are converted into constant a; (f) (4) and b; (¢) (5). Then in the channel and the
signal a,(f) is multiplied by cos(wot), and in the channel Q signal b,(t) is multiplied by the -sin(w?).
The resulting QAM signal is obtained by adding both the signals of the channels I and Q (3). This is
shown in figure 4.
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3 VA .
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—2%2 et tny paraliel 2 3 )2
converer
L
2
VA >
converter LPF

LPF - Low Pass Filter {filtr dolnoprze pustowy)
VA converter — przetwomik cyfrowo-analogowy
Fig. 4. Flowchart QAM modulation [8]

The above considerations we will illustrate the example.

3 Example 16-QAM modulation

Example 1

We have the following string input: {g}=10100100111100011000. These data are grouped four
bits: 1010 0100 1111 0001 1000. Select the constellation, for example. the first figure 3. Then we
have (a;, b)) = (3, 3), (-1, -3), (1, 1), (-3, -1), (3, -3).

Signals on the channel I will have the form (3):
acos(wot) = 3cos(wot), -cos(wot), cos(wot), -3cos(wot), 3cos(wot).

Signals on the channel Q will have the form (3):
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-b;sin(wot) = -3sin(wot), 3sin(wot), -sin(wot), sin(wot), 3sin(wot).
For calculations, the also:

dTs=10 — this is the duration (length) of the continuous signal a,(¢) or b,(¢). It is the duration of the
cosine or sine wave assigned ago continuous signal;

ilp=100 — this is the number of points in the period 75 needed to plot the cosine or sine wave (the
number of values of these functions in the period T );

n — the number of bits in the {g}, n=20;

nl — the number of fours of bits in the {q}, n1=n/4=5;

tmax — this is the simulation time, tmax=dTsn1=10-5=50;

nmax — this is the number of points chart signal S(¢);

nmax = ilp-n1=100-5=500;

delta — this is the distance between two adjacent points on the graph, delta=dTs/ilp=10/100=0.1;

wo — is the frequency of the cosine and sine wave. wg is chosen so that the total number of times
the cosine or sine occurred during the 7. The result is that in subsequent periods of time 7, the
values of the cosine and sine are repeated, the same. In this example, it is assumed that during
the Ts cosine or sine occurs exactly 3 times, w¢=(2-7/dTs)-3=1.88495559. For the purposes of
computing, the created table, in which bits of the constellation are assigned the amplitude in the
channels of the I and Q.

Table 1. Tabular record of the constellation

The number Bits of the | The amplitude
of the decimal | constellation (a;, by
0 0000 (-3,-3)
1 0001 (-3,-1)
2 0010 (-3,3)
3 0011 (-3, 1)
4 0100 (-1,-3)
5 0101 (-1, -1)
6 0110 (-1, 3)
7 0111 -1, 1)
8 1000 (3,-3)
9 1001 (3,-1)
10 1010 (3,3)
11 1011 (3,1
12 1100 (1,-3)
13 1101 (1,-1)
14 1110 (1,3)
15 1111 (1, 1)

On the basis of four bits determine the amplitude of a; and b; in the following way: four bits
change to a decimal number. The pointer i=decimal number+1 (note: the numbering of the vectors
in Matlab starts at 1). Then we read (from table 2) the amplitude of the a; and b;. Based on the
calculated amplitudes of @; and b;, we create constant functions for consecutive fours bits. It is
shown in figure 5.
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Fig. 5. Output signals from digital to analog converter

Then the first of these signals is multiplied by cos(wof), and the second signal is multiplied by -
sin(wot). This is shown in figure 6.

signal multiplied by the cosine of the channel |

L g A
L VY

E 10 20 30 40 50

signal multiplied by the -sine of the channel Q

T
A

8 10 40 50
Fig. 6. Carrier signals in the channels I and Q

These two signals are summed to form the resulting signal QAM. It is shown in figure 7.
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the resulting total signal QAM

£ 10 20 30 40 50

Fig. 7. The resulting signal QAM

It should be noted that in digital simulation, QAM signalM for the example is a vector
consisting of 500 values {w;}.

4 Simulation of demodulating

Simulation of demodulating QAM signal we will shown in figure 7 and for the constellation in
the first figure 3. QAM signal in the digital version is a vector w={w;}, (=1, ..., nmax=500).

For S(¥) of the specified formula (3) calculate the values of S;(0)

S;(0)=a; cos(a, -0) = b, sin(aw, - 0) = q;
For each time interval 7 so we have
a; = Wi-Dilp+1

To calculate b; we use equation (3) and the second element the {w;} in each time period Ts.

Knowing the previously calculated a; we get
Winyip+a = 4; €0S(@, - delta) — b, sin(w, - delta)
a; cos(w, - delta) — w;_yip12

i

sin(@, - delta)

For the data from example 1 formula takes the form

. a[- * 0.98228725 - W([—l)ilp+2
’ 0.18738131

So based on the first two numbers in the compartment of 75 we get two numbers «@; and b;.
Then based on the constellation and a pair of numbers (a;, b;), you must create a string four bits 7/,
1, I3, ¥4. Bits of the constellation of save as decimal numbers. On the basis of the first constellation
(figure 3), we can create the array d decimal values for groups of four bits
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2 6 14 10

3 7 15 11
d:

1 513 9

0 4 12 8

On the basis of a pair of numbers (a;, b;) we calculate indicators: k£ — number of line and / —
number of column , for decimal numbers of matrix d.

k=-0.5b,+2.5
[=0.5a; +2.5

The number of d(k, /) is a decimal number for binary string {ry, 72, 73, r4}. To get the string we
use instructions
r=dec2bin(d(k, 1))
Then we get a string of four bits r={r, r,, r3, r4}. Repeat this sequence for each time interval
Ts.

Example 2

We trace the demodulation for the QAM obtained in example 1.
For the first time interval Ts (0<t<10) we w;=3, w,=2.38471781. We calculate

a1=w1=3
, _ 3098228725 -2.38471781 _ 0.56214394 _
! 0.18738131 0.18738131

For a two of numbers (3, 3) we calculate indicators: £ — number of line and /- number of
column, for decimal numbers of matrix d.

k=-05b; +2.5=-05-3+25=-15+2.5=1
[=0.5a, +2.5=0.5-3+25=15+25=4

The number of d(1, 4)=10 is a decimal number to binary string {r, 72, 73, r4}. To get the string
we use instructions r=dec2bin(10). We get r={1 0 1 0}.
For the second time interval Ts (10<¢t<20) we wio;=-1, wj»=-0.42014331. We calculate
ary=wio1= —1
b — —0.98228725+0.42014331 —0.56214394 3
? 0.18738131 0.18738131
For a two of numbers (-1, -3) we calculate indicators: £ — number of line and / — number of

column, for decimal numbers of matrix d.
k=-0.5b+25=-05-(-3)+25=15+25=4
[=0.5a; +2.5=0.5-(-1)+2.5=-0.5+25=2
The number of d(4, 2)=4 is a decimal number to binary string {ry, r, 3, r4}. To get the string

we use instructions r=dec2bin(4). We get r={0 1 0 0}.
For the third time interval Ts (20<¢t<30) we wyo1=1, wy= 0.79490594. We calculate

a3=w201=1
, _ 0.98228725-0.79490594 _ 0.18738131 _
3 0.18738131 0.18738131

For a two of numbers (1, 1) we calculate indicators: & — number of line and /— number of
column, for decimal numbers of matrix d.

k=-05b+25=-0.5-1+25=-0.5+2.5=2
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[=0.5a; +2.5=05-1+25=0.5+2.5=3

The number of d(2, 3)=15 is a decimal number to binary string {ry, 2, 3, r4}. To get the string
we use instructions 7=dec2bin(15). We get r={1 11 1}.
For the fourth time interval 75 (30<t<40) we w31=-3, w30,=-2.75948044. We calculate

as=w3o1= -3
b~ 3-0.98228725+2.75948044 s 2.94686175+2.75948044 LT 0.18738131 _ 1
3 0.18738131 0.18738131 0.18738131

For a two of numbers (-3, -1) we calculate indicators: £ — number of line and / — number of
column, for decimal numbers of matrix d.

k=-0.5b; +2.5=-0.5-(-1)+2.5=05+25=3
[=0.5a,+2.5=0.5-(-3)+2.5=-15+2.5=1
The number of d(3, 1)=1 is a decimal number to binary string {r;, 7, 3, r4}. To get the string

we use instructions 7=dec2bin(1). We get 7={0 0 0 1}.
For the fifth time interval T (40<t<50) we w401=3, w402=3.50900570. We calculate

aAs=wa01=3
b — 3-0.98228725-3.50900570  2.94686175—3.50900570 Lo 0.56214395 3
3 0.18738131 0.18738131 0.18738131

For a two of numbers (3, -3) we calculate indicators: k£ — number of line and /— number of
column, for decimal numbers of matrix d.

k=-0.5b,+2.5=-0.5-(-3)+2.5=1.5+2.5=4
[=0.5a,+2.5=05-3+25=1.5+2.5=4

The number of d(4, 4)=8 is a decimal number to binary string {r;, 7, 3, r4}. To get the string
we use instructions r=dec2bin(8). We get r={1 0 0 0}.

By connecting together five strings of four bits we get the resulting string decoded {1010 0100
1111 0001 1000}, which is the same as the input string g={q;}.

Conclusion

QAM modulation involves the use of a single frequency bands to transmit two different
signals. For a clear separation, in the receiver both signals of information, carrier signals must be
shifted against each other in a phase of about 90° [3, 4]. The work illustrates the general principle of
QAM. Shows the different diagrams the constellation for 16-QAM modulation. Also made example
simulation of digital modulation 16-QAM for 20-bits. Shows also the demodulation method based
on the first two QAM signal in each time period 7s. They must, however, be met assumptions about
the frequency 0, that early were presented. In this case, the simulation of demodulating QAM
signal must be set in the form of a numeric string.

PREKRACUJEME HRANICE e EVROPSKé UNIE / UNIA EURCPEISKA
l PRZEKRACZAMY GRANICE I EVROPSKY FOND PRO REGIONALNI ROZVOJ
2014—2020 e EUROPEJSKI FUNDUSZ ROZWOQOJU REGIONALNEGO

Projekt jest wspodtfinansowany ze srodkdéw Europejskiego Funduszu Rozwoju Regionalnego
oraz z budzetu panstwa RP .Przekraczamy Granice”

- 118 -



References

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]
[9]

G.J. Foschini, R.D Gitlin. and S.B. Weinstein. “Optimization of two-dimensional signal
constellations in presence of Gaussian noise”. IEEE Trans Comms, vol. COM-22, 1974.

L. Hanzo, S.X. Ng, T. Keller and W. Webb. Quadrature Amplitude Modulation: From Basics
to Adaptive Trellis-Coded, Turbo-Equalised and Space-Time Coded OFDM, CDMA and MC-
CDMA Systems. John Wiley & Sons, Ltd, Second edition, 2004.

J. Izydorczyk, G. Plonka and G. Tyma. The theory of signals. Publishing HELION, Gliwice
2006 (in Polish).

J. Izydorczyk and others: MATLAB and fundamentals of telecommunications. Publishing
HELION, Gliwice 2017 (in Polish).

L. Knoch and T. Ekiert. Modulation and detection. Publishing of Communication. Warszawa,
1979 (in Polish).

R.W. Lucky and J.C. Hancock: “On the optimum performance of N-ary systems having two
degrees of freedom”. IRE Trans Comms, vol. CS-10, 1962.

W.T. Webb and L. Hanzo. Modern Quadrature Amplitude Modulation. Principles and
Applications for Fixed and Wireless Channels. PENTECH PRESS Publishers London, IEEE
PRESS The Institute of Electrical and Electronics Eingeeners Inc. New York, 1995.

https://pl.wikipedia.org/wiki/Modulacja QAM
https://pl.wikipedia.org/wiki/Diagram_konstelacji

[10] https://de.wikipedia.org/wiki/Quadraturamplitudenmodulation

[11] https://en.m.wikipedia.org/wiki/Quadrature _amplitude modulation
[12] http://www.wikiwand.com/pl/Modulacja QAM
[13]http://erendemir.weebly.com/uploads/4/8/5/0/4850484/qpsk and 16-qam_digital

modulation.pdf

[14] http://www.telekomunikacja.cO.pl/modulacja_gam.php

[15]http://www.radio-electronics.com/info/rf-technology-design/quadrature-amplitude-

[16] modulation-gam/what-is-qam-tutorial.php

SYMULACJA CYFROWA MODULAC]I 16-QAM

Streszczenie: W tej pracy przedstawiono zasady modulacji QAM - Quadrature Amplitude
Modulation. Dla modulacji 16-QAM przestawiono rozne diagramy konstelacji. Pokazano przyktad
modulacji 16-QAM. Nastgpnie przedstawiono symulacj¢ demodulacji. Obliczenia wykonano
w Matlabie.

Stowa kluczowe: modulacja, symulacja, diagram konstelacji, kwadraturowa modulacja
amplitudowo-fazowa.
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