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B
PHASE AMBIGUITY

* In the case M-PSK modulation, due to rotational symmetry, the synchronization could lock to any of the M

phases.

* To solve this situation, differential encoding can be used or Data Aided rotation.

Received constellation

Transmitted constellation o
(after synchronisation)

Ao Ao

01 00 10 11

o O O N O

transmission through
channel
P/ -------p & >

O O

11 10 00 01

13x1 - | 13x1
®lx:l}] x| U le‘;JI
BarkerRef
Math
Function
13x1
13 I3rl } mn P ou——» )
[13x1) y_ t13x1] B
Product phasedecision Phase
[100x1] [13x1] Mean Complex to
@ T Magnitude-Angle Phase Offset Detection
100x1 (i
Data [ 1 yit)

Selector




DIFFERENTIAL ENCODING

QPSK  ,

* Differential encoding maps the data to the phase shift instead to the absolute phase.

* For BPSK, M=2, is very simple implementation using an XNOR

\
I
|
|
I

bln]

binary input
sequence

previous

|
|
| b [n-1]
|
|

encoded bit

b [n]

e — — — —

encoded bit
sequence

Channel

—————— — —— ——— —

o~ 5[]
A | decoded
| output
bg[”' 1] | sequence
previous '
encoded bit J

- . - S . S S S e . -




- e
DIFFERENTIAL ENCODING: BPSK

* If we have a phase error of 1, the encoded and decoded data is as follow:

* ENCODER n 0 1 2 3 4 5 6 7

bn—1I1| o 1 0 0 1 1 1 0
b.[n] 1 0 0 1 1 1 0 0
 DECODER n 1 2 3 4 5 6 7

b n—11| o 0 1 1 0 0 0 1

b.[n] 1 0 ] 0 1 1 0 1




DIFFERENTIAL ENCODING: QPSK

* M=4
~ - - - - "= ot
f QPSK Decoder "l
even | b [n] | :
bits | e |_|.> b [n]
S :: Channel I ' b r +f
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DIFFERENTIAL ENCODING: QPSK

* Example b0, = {0,1,0,0,1.1,0,1,1,1,1,0,0,0,0, 1}

e ENCODER n 0 1 2 3 4 5 6 7 Phase error
b,[n] 0 0 1 0 1 1 0 0

bin+11| 1 0 1 1 1 0 0 1

bn—-211 0 0 0 1 0 1 0 0

pn-11 o 1 1 o o 1 1 1

b.ln] 0 0 1 0 1 0 0 1
b.ln+1] 1 1 0 0 1 1 1 1
e DECODER n 0 1 2 3 4 5 6 7
bn-21| o0 1 1 0 1 0 1 1
b.[n—1] 0 0 0 1 1 0 0 0
b.[n] 1 1 0 1 0 1 1 0
bn+11f 0 0o 1 1 0 0 0 0
b,.[n] 1 0 1 0 1 1 0 0
bn+1]] 0 0 1 1 1 0 0 1




QPSK
COMM PROTOCOL

* From now we just work on the PHY layer, then we need to move to the Data Link Layer.

Main Operations NODE 1 NODE 2
Software generating and accessing data ’ Application Layer | ’ Application Layer
Data manipulation (encoding, compression elc) Data
Controls connections between nodes (handshake)
Segmentation of data, introduce ports Transport Layer ) _SE'__I_:}‘; e;ts_ ) Transport Layer
Packetise segments and consider addressing °  Network Layer ) _P_a c::re_ts_ N Network Layer
@ data and fm@ °  Data Link Layer o !;’a:m—:-s - F Data Link Layer
DSP operations including modulation and Tx Rx ! Physical Layer B_fn_ar;f EI ;:t::'c:;f ! Physical Layer
Signals

)
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REAL TIME QPSK .
FRAME SYNC

* The basic task is to detect the start of a signal information. If we are transmitting text, encoded as ASCII,

we need to detect the sequence start to decode properly.
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REAL TIME QPSK 5
FRAME SYNC

* The Header transport the information useful for synchronization.

Frame Length

Frame structure with
header and payload Header Payload

Frame information Part of the data stream is contained
in the payload of each frame

* Advantages: in cases of error just re-transmite the lost part.

Original message

Message split

into frames :
Header Payload

1
1
Payload




FRAME SYNC: PREAMBLE

* Usually the Header contain a Preamble, that is a sequence with good autocorrelation properties.

* The preamble sequence is very important for start detection.

* BARKER sequence is one with have this characteristics.

Amplitude
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REAL TIME QPSK

Autocorrelation Function of Barker Code with Length N=13

Main correlation peak

|

Low amplitude sidelobes
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REAL TIME QPSK  ;;
FRAME SYNC: CORRELATOR

* The receiver implement a correlator, FIR with inverted coefficients, to detect the frame start, usually called
Start Frame Delimiter (SFD).  received signal

=11 41 -1

correlation signal

CF’reambIe\ 1A U T S B I I

sum last . 42,41,413,5,-3...
(Iocallystored)/ X » NSEITIP'ES ’
e e it s Nt St STt
E’- | ?———l———————E———j———1———l————?————8———1————“)———1———]2
N sample index, k
For n=12...

b, [K] b, (k1] b [k2] b [k3] b [k-4] b [k5] b, [k-6]
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b, (k7] b, [k-8] b[k9] b [k-10] b [k-11] b [k-12]




REAL TIME QPSK  ,,
FRAME SYNC

* Depends on the type of communication systems, will be the load that header will introduce.

Barker sequence (or similar) as part of each header



REAL TIME QPSK |5
FRAME SYNC

* In order to get better correlation peaks, the sequence can be repeated, this also reduce efficiency.

* Ex Barker N=26, Frame=200, Payload=174, efficiencies 174/200=87%

Barker-13 Sequence Header Payload

111110011010 1 Expanded Barker ASCII Message Data

Sequence

l\\\» Expanded Barker-13 sequence (expanded x3)

111111111111111000000111111000111000111'

Matched Filter Output for Barker Repetitions = 3 with Threshold
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FRAME SYNC

REAL TIME QPSK .,

* A threshold should be selected to capture the payload when the correlator output cross that level.

Stage #1 - Receive the data bit stream

Stage #2 - Find correlation peak

Stage #3 - Reconstruct the frame

Stage #4 - Extract the payload

peak found at the end of
the header’s preamble




REAL TIME QPSK 5
QPSK TX

* Tx Model
Upsample by 4
[200x1] LW, [100x1] \/\’ [400x1] SDRu
Bits Generation —— W QPSK P P Data Transmitter
[200x1] [100x1] Square root (400x1] 31167B3
QPsK Raised Cosine
Modulatar Transmit Filter
USRP Transmitter

Baseband .
Copyright 2011-2015 The MathWorks, Inc.

* Bit Generation block:
* Data Frame = 200 bits
* Header= 2 Baker 13 sequences (26 bits)
* Datalenght= 200-26= 174bits
* Messagelength=7bits (Ascci) x 15 (Hello World xxx)= 105 bits
* Random bits to improve Scramble= 69 (Bernoulli Gen)

* Scramble: use to reduce the number of consecutives ‘1’ or ‘O’, helps the synchronization.



REAL TIME QPSK |4
QPSK TX

* Bit generator
Unipolar [13x1] »| Repeat [26x1]
Barker Code [13x1)| 2 [26x1]
(200x1] 0
[200x1]
Out
174x1 174x1
Message |[174x1] P Scrambler 7]
Source [174x1] [174x1]
1

Matn'\ Scombled data
Concatenate

Input daka :
Al m <+ 1 2 [F— i Sy ) S— J‘!l A‘l
‘ _fuosx1) > J J J
> [105x1] ' h P2 Pa-1
e Pl
174x
Message Generator @ L@ i s
7] o &- &) ®)
u
Bernoulli [69x1] »
Binary [69x1]
Bernoulli Binary 1
Generator1 Matrix
Concatenate



REAL TIME QPSK -
QPSK RX

Data P dataln QPSK Receiver

SDRu | n
Receiver - A
31167B3

Data Len

USRP Receiver

Parameters
\ 4

Copyright 2011-2015 The MathWorks, Inc.

Downsample by 2
[100x1]
datal DataOut 100 1I]- In  Data Decoding
ataln X

)2 acc [ S\ |2000x1] | Coarse Frequency [[2000x1] | Fine Frequency o Timing 5

4000 [4000x1] Square root [2000x1] Compensation [2000x1] Compensation Recovery Y

AGC Raised Cosine DataValid
Receive Filter

AGC: The AGC is placed before the Raised Cosine Receive Filter so that the signal amplitude can be measured

with an oversampling factor of four.
RRC: in this implementation decimate by 2



REAL TIME QPSK 4
QPSK RX: COARSE FREQUENCY

* FFT implementation

s <Ll
[2000x1] Phase/

[2000x1]
Frequency —@
[2000x1] Offset (2000x1] ==
C1) P In Frq P Frq
n [2000x1]| i-1 i-1
Find Frequency Offset y(i)=u(i)| cos| 2m E f(n)At + (i) | + jsin| 2w E f(n)At + (i)
n=0 n=0
% Estimate frequency offset.
% findfregoffset(N,Tf, fvec,params) returns the estimated frequency offs:
% giwven time-domain frame length N, sample time wector Tf containing
% [frameTime, offsetTime], complex FFT vector FFTsig, and modulation
»n % order M.

Find index of max magnitude, convert to offset symmetric about zero.

[2000x1]
: [2000x1] u [2000x1]

W:2000, Ts:0.02

e ole

In utv [2000}(1? s Return a negative integer offset to be interpreted as a compensation.
M >V 2 [~,maxTdx] = max(FFTSiqg):
Alphabet  Gomplex Power 21 4@ Freqorisett——»(1 ) FFTSize = size (FFTSig,1);
size ﬁndfreqoffset Frq if maxIdx > FFTSize/2
OffsetIdx = FFTSize+l-maxIdx;

Welch else

[2048x1] FFTSi OffsetIdx = l-maxIdx;
i
(2000x1] (2048x1] 9 end

Map offset index to a frequency value.

=2
]
@
]

Compute offset using modulation alphabet size params.M.
Find Frequency Ts = TE(1)/N; % Sample time
Offset delta f = 1/(Ts*FFTSize); % Frequency resolution of FFT
FreqOffset = OffsetIdx * delta f / M;

Periodogram



REAL TIME QPSK o
QPSK RX: FINE FREQUENCY

[2000x1] |
{ }—’ ™ in
In [2000x1] L Complex @
Phase Shift
Unbuffer ! Ph Out
y
Z-1 |function e = PED(In)
% Implementation of Maximum Likelihood Phase Error Detector listed in

Chapter 7.2.2 of "Digital Communications - A Discrete-Time Approach" by

Michael Rice. This employs a decision directed method.

=
PED| <

ol ol® o Gf 0 ol 0 G0

Input:
PED In - Input samples, oversampled by two
Output:
DDS < —— Loop Filter 1—————J e - Phase error, de
#codegen
e = sign(real(In)).*imag(In) - sign(imag(In)).*real(In):

|
¥

CO—» E1 K1 1 @

hase
Gain L —_— P

Discrete Filter 1-z-1

R

Allpole Filter



QPSK RX: TIME RECOVERY

REAL TIME QPSK

20

- - x(kTA+7)
[100x1] x(nT,) Polyphase E N 5| Zero - crossing (Gardner,
DataOut Data DataOutW@ ——»filterbank N f Timing Error Detector
Timing Recovery Out Matched Filter| | §
CO—n "™ |
In b g
Clk Clk DataValid 2 g e(kT+7)
DataValid
& ] |
Modified Buffer .
fnlterban_k Modio PLL loop filter |«
index derive counter
(D —
DataOut nterpolation control
a u
GO
Dataln ‘ Out »in . . .
interp_filter e(k) = x((k - I/E)TS + r) ﬂ(k - 1) - ﬂ(k)
— | mu g a
Interpolation Filt | strob
nterpolation Fiker if strobe==1 && delayStrobe~=strobe
Timing E e = real(delayl) * (sign(real(delay?)) - sign(real(In))) + ...
";;rlgcmr:m imag (delayl) * (sign(imag(delavy?)) - sign(imag(In))):
else
Loop Filter e = 0;
() end
ClkOut if delayStrobe~=strobe
% Shift contents in delay register
delay2 = delayl;
2-1 «— Underflow delayl = In;
elseif strobe==!
Integer Delay1 -‘Delta < % Two consecutive high strobes
delay2 = 0; % Stuff missing sample
2'1 > mllJ\ICO_GtrI delayl = In;

end

Integer Delay2 NCO Control




REAL TIME QPSK  ,,
QPSK RX: TIME RECOVERY

* Interpolation Filter - y(k) = c_p-x(m, —2)+c_,-x(m,—1)
X(m

+ ¢y x(m, )+ ¢, - x(m, +1)

P
C_, = Gty —al,

)
:'l'

2
=—a, + (a+1)u,

U
Y
U
ES
g

= —aul + (=1 +1

g
=D
Y - B S
N Ci= Gl — i,
5 +y e iy
‘g<> o =-035 for Farrow Stucture

v +1? +‘7 k)

) cz;)—te—-g()—% —

persistent delayl delay? delay3; % Input delayed by 1, 2 and 3 samples

if isempty(delayl)
[delayl, delay2, delay3] = deal(complex(0,0));

Out = delay? 4+ mu.* (K.* (Int+delay24delay3)+(1-K).*delayl)...
+ K.* (delayl+delay2-In-delay3) .*mu."2;

% Update delay buffers
delay3 = delay2;
delay2 delayl:
delavyl In;



QPSK RX: TIME RECOVERY

* SYMBOL RECOVERY

£l

DataOut

REAL TIME QPSK

Clk

€]

[1 {H}m@

DataCut

DataValid

Timing Recovery
(1 )>——»n PLL
In
1=
Modified Buffer
[100x1]
DataQut
1 )y——>im
Data DataValid |———— |
I
z An
(2 ) l P
Clk
Logical
Operator

P Data DataQut

| Clk DataValid

Modified Buffer

[100x1]
[100x1] :
Out

DataValid

[100x1]
4b-.‘|
[100x1] D

DataOut

Enable
( 1 “l P In
In1 Delay Out
- Line
W —P| == (bufSize-1) P En_Out
Cpur.ter Compare Delay Line1
Limited To Constant

DataValid



REAL TIME QPSK  ,;
QPSK RX: DATA DECODING

[ il
[100x1) )
DataQut — | In  Data Decoding
[100x1]
Timing &
—
Recovery A
DataValid |
g H1
Trigger
e BarkarRef
[ 1 Phase ——
oot |2
%
Barker Code 13x1) Barker Reference Phase Offset
Symbol Generation [13x1] Estimator
Compute 1
Delay Delay » 7
100x1
®[ 1] »|Data Delay y
[100x1]
In i
Delay1| Z
» u
[105x1]
To Workspace
- Phase
Phase Ambiguity
N [200x1] [105x1]
Correction gy 1 Descramblin »u
Ll Dialay & Demodulation [200:1] 9 [105x1] . “
‘ Data [100x1] Data BitsToASCII
[200x1] , [100x1]
[100xﬁ E [2005(11 RxData aligndata
— Align Data



REAL TIME QPSK
QPSK RX: DATA DECODING

* FRAME SYNC

o [13x1] doubl [13x1] REpBHt [26x1] P QPSK [13}{1_..{] : )
-C- ——P double —M™
[13x1] [13x1)| 2x [26x1] [13x1] o
u
Constant Data Type Conversion
Barker Code QPSK
Modulator
Baseband

: [13x1]
[13x1]| XCORR % |H | % Id >
x -
Barker 112x1 112x1 I mod
oo [12x1) [12x1) . —»( 1)

Reference
Maxirmum Delay

[100x1]
(2 ) » \W:100
[100x1]

Data

Probe
1

L




QPSK RX: DATA DECODING

* Frame Sync

[200x1]

REAL TIME QPSK

From Barker detector

[100x1]

Buffer

Dalay

RxData aligndata

‘ [100x1]
Data

[200x1]

Align Data

function Data = aligndata(Delay, RxData)

Extract data from the buffered RxData, using the
start

ol o® o o\® ol® @ @ ol

Input:

Delay - Index of frame start

RxData - Buffered symbol-spaced data

Output:

Data - Data with the Barker code at frame start
$#¥codegen

Data = RxData(Delay+l:Delay+length (RxData)/2);:

25



QPSK RX: DATA DECODING

* Phase ambiguity correction: Data aided

[13x1]

REAL TIME QPSK

y_1(t[13x1]

[13x1] —  |[13x1]
[13x11 BarkerRef ( : ) x(l) [1 3x1.] U xt(t}
Data Frese \ BarkerRef
il Malh
Phase Offset Function
Estimator
[13x *
[13x1]
Product
y @[WJXH olU [13x1]
Delay1| Z! [100x1] yit)
v Data
Selector
L Phase
Phase Ambiguity 20
[ i Lt
ey PR 5 ) & Demoduation O™
ta # Data
;17 RxData aligndata [100:1] ;
Align Data
[100x1]
@ [100 1.]' N Complex [100x1] mu_ [200x1]
x .
Data Ph Phase Shift [1 O‘GK” [200‘){"] C . )
Out
QPSK
Demodulator
Baseband
FPhase

Gain

26

Mean

» U » In ‘. Out 4>®
Complex to phasedecisior] Phase
Magnitude-Angle Phase Offset Deteftion
if In<pi/4 && In>=-pi/4
out = 0;
elseif In>=pi/4 && In<pi*3/4
out = pi/2:
elseif In>=pi*3/4 || In<-pi*3/4
Out = -pi;
else
out = -pi/2:

end



REAL TIME QPSK
QPSK RX: DATA DECODING

* Header remove & Descramble

* Send data to workspace for ASCII conversion

L
[105x1]

To Workspace

[105%1]
— Descrambling ————u .‘.
] [105x1]
Bits ToASCI

200x1 17dx1 174x1 105x1
% vy » Descrambler | o) pu v (1)
[200x1] [174x1) [174x1] [105x1)

In Out
Selector Selector




