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SYNC
TUNNING

* Tuning, consist on selecting the right value for the LO and the appropriated sampling rate.

* All the tuning parameters are setup on Simulink block.

* You should be carful with the LO difference . )
Inizlize the attached radio with block
Initialize parameters and get device configuration
between SDR boards. B T e
Hame ouree Value Value
Center frequency (Hz): Froparty = |102 5e6 NaM
* On B200, the sample rate is defined by the Turer g (653 me
Sampling rake {Hz): 25023 HaM
Frequency correciion (ppm): 1] HaN
relation between clock and up/down sampling. e e

A
Centre Frequency
8
E=
c
g’ Frequency Correction
R | -
OHz . frequency

selected frequency band
(Sampling Rate)




SYNC
THE SYNC PROBLEM

* Channel effects: A) Propagation delay B) frequency shift

* If we could consider No delay, always we have difference between LOs.

transmitter receiver

radio channel

information demodulated
signal >< X signal

in a “perfect” delayless model,

direction connection could be made

sine wave sine wave
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PROPAGATION DELAY

* If TX ad RX are fixed position, we always have fixed phase offset.

phase offset (8)
Transmitted by tablet

AVAVAVAVAVAVAVAVAVAVAVAVAVAV | VAV

Generated by router L

o Wireless propagation distance (constant)

Tablet (static) Router (static)




FREQUENCY SHIFT

SYNC

* If TX and RX moves, there will be a time variance phase shift that is equivalent to a frequency shift.

* Doppler effect.

transmitted at .\ MHz

recewved at \+o MHz

mobile phone
(moving towards basestation)

S WWWWL b
4

wavefronts arrive more | i
frequently at receiver...
seen as higher frequency

J L
=\ |—a_

oy I —

mobile basestation
(fixed position)



SYNC
HARDWARE EFFECTS

* LO change over time due to: temperature, manufacture process, ageing and others.

* Example: error of 5000ppm, f1=100,5Mhz, {2=99,5Mhz, Fc=100Mhz

Amplitude

|
3
L




SYNC 7
COHERENT DEMODULATOR

* Demodulate with an LO that is not exactly the same....problems, so Solutions:

Option 1: TX the carrier like DSB-TC (pros/con)

Option 2: Recovering the carrier from the modulated signal.

Modulated Signal (DSB-SC) . ()

cos(2n( f+ANr)

m() = 5] sin2r(f, +£,)0) - sin(2x(f, ~f,)0)| et

Demodulated Signal

Transmitter Receiver

(1) = cos(2r(f. +f)1) X g[sm(mm )0 sin[mg; —fb)fﬂ

lowpass filtered term

u(t) = Esin( om0 T N) -G sin( 2m(7, - £,)1)

A i o) + Rein 207, + 1)

lowpass filtered term

u(t) = ‘%[siu{frl:(fb £ 00 + sin(2n(f, - fé_}ﬂ

u(r)

lowpass
. EEE—
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PHASE LOCK LOQOP, REVIEW

* The PLL is the fundamental component on every coherent receiver.

o | R

Phase Detector: the output is proportional to the phase difference between received signal and locally generated.

Controlled Oscillator: it is a VCO for analog receiver and NCO for digital receiver.

Loop filter: Filter acts upon the output of the Phase Detector to remove unwanted high frequency terms, and

produce the signal that drives the VCO or NCO.

x(1) = cos(?nj‘;?Jrﬂr(I]J{ R \ 0,(r) = Kp(ﬁf(ﬂ—eo(-’))

Input Detector )
A

. synthesised

s(t) = —sm(?n: t+6 (r]] ;

\ Zo o sine wave Loop Filter

[ vCO/

Output <« P
c(r) = cos(.’?rcfoﬂr E)O(r]) (1)




PLL 5
PHASE DETECTOR

* The phase error is proportional to the phase difference: E}E{I) = Kp(ﬂf{ {)— ﬂﬂ{f})

* Implemented as a multiplier.

* If the difference is small, the mixing approach to the difference.

(1) 0,(1) (1) = x(1) xs(1)
Ideal Phase
Input I ‘ Detector l .

= cms(?nﬁa‘ + Ell.(r]j X —siu(?nfar + EIG(?‘))

‘L.r{!f) = %Sin(ﬁi{f)—ﬁa{ﬂ) —%Sill('fﬂfi(f)‘F - o(‘f)

I | 1 |
L low frequency term high frequency term
x(1) v(t) = 3 sm(ﬂi(ﬂ — 80({]j + g q 4

Input :
high frequency terms ]
>
from VCO/NCO %@ V(1) = ;(E}E_{r) — Bﬂ{f))
s Z

from VCO ,-”NCOT s(1)




LOOP FILTER

PLL

* The design of the loop filter is vital in defining the overall characteristics and behavior of the PLL.

* The PLL type corresponds to the number of integrators in the loop, including the one that add the

VCO /NCO.

Integrators
PLL Type
VCO/NCO | Loop Filter Total
Type 1 1 0 1
Type 2 1 1 2
Type 3 1 2 3

10



PLL 17
CONTROLLED OSCILLATOR

* The VCO control signal is the filtered phase difference v(t)

t
0(n) =k, [v(t)dr
* kO is the sensibility of VCO 0

* The estimated phase at instant “t” is :

c(t) = cos(;’nfor + é(r):)

4 Voltage A > s(1)
V(1) » Controlled
. Oscillator ) > c(7)

control signal output signal(s)
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NCO: NUMERICALLY CONTROLLED OSCILLATORS

* The digital version of VCO. e — 3\ ]
—» 57
v[m] Controlled |
clm] = cos(_??tf mT + é[m]) Oscilator > <[]
¢ control signal output signal(s)
M
; B . . 2nf
O[m] = K, 3 v[m] dlm] = O[m—11+ulm] u=—°
m=10 -f-;

* Different frequencies are created from different step size.

g
o 6 I
-
% —F—n, =0/6
E 4 —o—n,=n/12
3 o—o—o—o—6—9
3 - I PN NS e S
o DB e 5 oo O
ﬁ od P - . A |
0 5 10 15 20 25 30
Sample index
ll-l 1 | £
0.5 -
)
o °r f
O —ﬂa——pl—nfﬁ
-0.5 7 —6—p,=n/12 7
1 = L = ‘ L £

0 5 10 15 20 25 30
Sample index
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NCO

* To follow a frequency change, an adjustment term is needed.

O[m] = [m— 1]+ u[m] wim] =, +u,[m] w [m] = K,v[m]

4 N

—p ! NCO
plm] M [m
c[m] <« cos(.) |« . é{ I —  v[m]
0[]

slm] < sin(.) |[¢———

\. S

phase to amplitude phase step size

conversion accumulation adjustment
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NCO: IMPLEMENTATION ON FPGA

* The simplest operation inside FPGA could be up/down conversion to intermediate frequency.

* NCO are usually implemented on LUTs. Also called Digital Direct Synthesizer (DDS).

Sine LUT
Step n bits g L bits
4_>| Accumulator |——/—> s +"
Size address 5 output
Lemsemsmreemen

* The LUT has N=2" size, where n is the numbers of bits that accumulator generate.

* The amplitude resolution of the signal depends on the number of outputs bits L, and the frequency

resolution depends on LUT size, n.
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NCO ON FPGA

* Frequency and amplitude resolution

address amplitude
n=4 L=8

0000) 0000 0000
Memory Locations: 0001} 0011 0001
N=2%=16 0010] 0101 1011
0011) 0111 0110
0100 0111 1111
0101
0110
4/ 0111
/ g 1000
1001
1010
1011
1100
1101
1110} 1010 0101
1111) 1100 1111

67.5°
a0

4 bit address




NCO ON FPGA

* Quantization effect, L

50
100
150
200
250
00

50—

|
8 bit wordiength

quantised

unguantised

4 bitw

|
|
|
clbrdfength
|
|
|
|
|
|
|
|

PLL

16



PLL 17
NCO ON FPGA

* Frequency control is done by the step of Accumulator

[N/ N\ /\ .
\/LUTaufpur/

MMM

accumulator

AWAWAWAWAWA
v,

-
\/ LUT aufput U \/
\J \/

21 W
0 -

accumulator




NCO ON FPGA

* The Accumulator step is determined by:

* N: number s entries on the LUT.

a
* Fs: sampling frequency u=N—
* Fd: desired frequency fS
* Example 8 bits, N=256, fs=10Mhz, fd=2.5Mhz = 256 r‘;'[?ﬂg;f':ﬁﬂr
. If d 2.4Mhz?2 = 256 23MHz _
we nee y4 L = 256 OMH= 61.44 ..

We need to add a fractional part to the ACC.

The step will have an integer and a fractional part [n:b]

n=61.4375 [8:4]

Sy

m ﬁ = 2,399, 902Hz

PLL

18



PLL 19

NCO ON FPGA

1
* Frequency resolution: depends on steps differences. Al = 5
2

* The fractional bits should be selected following the desired frequency resolution.

)~ frequency error

*{

g—
com—

-
-
-
-
-
-
.

_ _ Desired Frequency
Realisable Frequencies, Al = 2a

: : f,
Realisable Frequencies, AlL = a N\ d
> Sl | y % "Pes - frequency error

Frequency

* Frequency resolution Afa:
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NCO ON FPGA

* Truncated error: if the step is p=1.7, then spurious appear doe to truncate.

Sample | Accum. | Address , , , I . T T T . T T
0 0 0 L _
1 1.7 1 sl I | : |
2 3.4 3 ' S l
nal | I | | | -
3 51 5 | | | | | |
1 6.8 5 04 L TR &
| | I Lo | Lo
5 8.5 g o 02[ | | Lo I | T
6 10.2 |10 2 L A
7 11.9 |11 E 01 3 56 12 4 67
-02f .
8 13.6 |13 LU |
9 153 15 _p4| Memory addresses... -
10 1.0 1 -0.8} i
11 2.7 2 ol _
12 4.4 4 1
-1 Ideal Si
13 6.1 5 —e— Phase Trancated
| | | | | | | | | | |
14 7.8 7 0 50 100 150 200 750 300 350 400 450 500
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NCO ON FPGA

* TRUNCATED ERROR due to small N.

* Fs: 100kHz, fd: 24.3kHz, N:6, [n:b]=[6:16], L=32

=0 ! ! ! ! ! ) ! ! !

&
I

L b.l'!sI IIIII------ III L+1 bits

Magnituda {dB )

0 0.5 1 15 2 25 3 35 4 45 5
Frequency (Hz) c 1
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NCO ON FPGA

« QAUNTIZATION ERROR, small L
o fs: 100kHz, fd: 24.3kHz, L:8, [n:b]=[12:16]

&0

I Spectrum ]

40 -

-l— 2" entries S
2" antries

Magntude (dB)

1 L 1 1 1 1 1
0 05 1 15 2 25 3 35 < 45 5
Frequency (Hz) x 10*
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NCO ON FPGA

* SFDR: Range free of spurious frequencies

* GSM requires 110Db of SFDR

BO T T T T T T T T T
;
®F-  Spurious Free §'utio R MU IEUBR SRS
Dynamic Range S?dB : : : : :

Magn tude {dB)

1 1 1 1 1 1 1 1 1
(1 B4] 1 15 2 25 3 ah 4 4.5 5
Frequency {Hz)
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NCO ON FPGA

* Increase LUT size N help, but cost a lot.

* Better solution: add a dither signal to break the quantization error.

* Usually the number of dither bits is equal to fractional bits, b=d

&0 T T T T T T T T T
fractional bits 60 : T : ' : : : .
are discarded ' ' '
SFDR = 53dB : : : : :
L. (hugeimprovementl) § ~ f: i i i
i . . . |§ : : : :
g e é
g 20 .-----!- :
5 :
=

Dith el
ar
Generator \ d = number of dither bits

(sign extended... binary —mo k-
point aligned with [n:b])

] 05 1 15 2 25 3 35 4 45 5
Frequency (Hz) <10




NCO ON FPGA

* DIRECT DIGITAL SYNTHESIZER

€2) DDS Compiler 40 {Xilinx DDS Compiler 4.0}

Easic | Implementation Oukpuk Frequency

Phase Cffset Angles

Configuration Options |F‘hase_Generatu:ur_and_SIN_COS_LLIT M

Swstem Requirements

Syskem Clock (Mhz) | 100

Mumber of Channels

Parameter Selection System_Parameter_sl VI

Swskermn Parameters

Spurious Free Dynamic Range (dB) |5III

Freguency Resolution (Hz) |IZI.4

Moise Shaping |Nu:une &I

Hardware Parameters

Phase Width |28

Cutput Width |6

Cutput Selection
{:} Sine_and_Cosine {:} Sine @ Cosine
Polarity:
Meqgative Sine

[] Megative Cosine

Amplitude Mode |Full_Range

[ (0]4 H Zancel H Help

||

Apply

]

PLL

25
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LOOP FILTERS TYPES

vim]

v]m] v[m]

—Y
K

v Type 2 K Type 3 K
Type 1 K, Loop Filter / Loop Filter 1
Loop Filter

vim] v[m] e v[m] z

Y 1-z 1-z

Loop Filter

= 5

v K,
()

~[ NCO @ + ]z_-;-l
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DESIGN PARAMETERS

* Time to achieve lock, depends on the step size.
* Steady state error, depends on the number of integrators and how the input signal change.

* Tracking capabilities, deepens on the PLL type.

Response to step input Response to ramp input Response Lo hyperbola input
1.2 T T 1.2 T T 1.2 T T
. 1
0. 1 0.8r 0
0. . 0.6 0
o u o
o 0. . "g 0.4r = 0.
= =
o + +
— - -
- 0. . = 0. = 0
2 2
2 g 3
S =4 o]
-0.2 1 -0.2F -0
-0.4 Type 1] TOLA ey —— -0.4 . Type 1]
—D_E--------------:--------_T}rp.e 2 H —|:|‘|5—-------------:--------_T}rp.e3-- —nl:l_ﬁ--------------:--------_T}rpe Elm
0 2000 4000 6000 0 2000 4000 6000 Q 2000 4000 6000
Samples Samples Samples



PLL 8
DAMPING RATIO

. C < ] under-damped C =~ | over damped Q = ] critically damped
* The damping factor, or damping ratio, relates to the transient behavior of the PLL as it achieves phase lock.

* Typical value is 0,707

L gy'pe 2 PLL response to step input ; "][-‘ype 2 PLL respcnse to ramp input Tgrpze 2 PLL response to hyperbeola input
C=10.3 {=10.2
T C=0.5 | 0.o8} n {=0.5 v.18y i
P oan o
5 sl E_c.?c:?_ L = 0.707 016k i
=1 0.06} £ =1
P o | |
- =2 ! [ =2 0.14
=3 £=3 5 =0.3
" o 0.04 W oo 12 o |
T 0.4f g T = 0.5
u 1 e - ‘-.n & 01 —L = 0.707 i
= 0.21 |'| - |.|| - —L{=1 i
5 | B |\ E P 2
A I{u i d: 5 AT < 0.08 / = 1
| Al ¢ - 3
v U " 0.06 -
-0.2r -0.02 | /
| | 0.04 q .
-0.ar | I iy
_ =
|,| 0.04 | 0. 02 F-;.,f
N i
* -0.06 * 0 - !
0 500 1000 0 500 1000 0 500 1000
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BANDWIDTH

* The bandwidth refers to the range of frequencies over which the PLL operates

* At lower BW, bigger transient time at bigger BW lower transient. Cons: more noise into the PLL.

1.01 : . - - 1.01 : - . .
: PLL Output : PLL Qutput
Reference Input : Reference Input
1.005 1.005 Q- .
N 1 N N | | P U ST S
= =
= =
0
0 0.995 H 0.995
: >
E 0.959 E 0.99
& &
0.985 0.985¢--
0.98 : : : : 0.98 : : : -
a 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000

Time (Useconds) Time (Useconds)
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COSTAS LOOP

* Itis a type of PLL used on AM-DSB-SC demodulation. Also used on M-PSK demodulations.

* It is based on the sin vs cos orthogonality.
* Principal advantage is its double sensibility . sen(2(0i — 6f))

* Especially useful for Doppler effect correction.

r(t) = A(t)cos(2rf t+¢)

tofurthe_r
> X ~ e = s “ "
Received A R }(t) - I(t) - A(f)COS(d}—(j})
signal 2cos[2nf t+ 0] N 1 hu*ﬁ}‘ . A
r(t) e(t) (e JLITULITILY Q(t) = A(t)sin(0—0)
VCO -g——— Loop filter -s=—— X
_2sin[2nf t+ 0] At e(t) = A2(t)cos(0 - 0)sin(6 - o)
v \‘ ‘-I'I—I'I.I—I.I'I_I—I.I'I-; 1 : )
- - Matchec It i = 5A%()sin(2(6 - 9))
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COSTAS LOOP FPGA IMPLEMENTATION

—_— |
(] [} L[]
* Decision Direct PLL
[————————=—=—=—- 1
|
4>®—> FILTER : . |
| |
cos ? | |
SIGN }—
8 MHz IF I| :
8 MHz B B
DS - LOOP FILTER fwt— |
:.-: SIGN :
SIN | v |
| |
— |  FLTER >

| Decision-directed |
| phase detector |

L » Q

Foc_18_14 Bool
(2 )—— ' [8:b] ——»
I
SIGN1 Fix_16_14
> 18
Fir 18 14
— x(-1) ==
MHegate Muxi
——a ”
- Fix_16_14
) Z a-h Y '(:
Fo_16_14 Bool N L FHASE
D, > [e:b] g AddSub
(]
SIGN
g0 Fox_18_14
Fioo_18_14
—————» x(1) ———W3!

MNegate Mux




COSTAS LOOP EXAMPLE
Ln.

« 4QAM RX/TX

4-QAM transmiter

¥

32

&
IF mixer Decimator P
X —
s NEv= BN I e LN
r_sim 4 Iy ‘
ANGN e [~ o}
- e pi°® RO paagy DT
- o T - comr sooge
Corstart CR (2N 3
Cown Sample il »
Izl—v-v RX{_RST1 LIT‘
i 2 i sy
e .3 “
snsamert g2
i e E H— =
e RX_RST Conerz BeSasner?
_@ Decision-directed
= Costas loop
[~ .
- H s o
Congtate LY l e FHALE Ao
L~ == SRS
Constanis a IF_IN3
m ______ Sompel
DESABLE PLL
1 ; PLL_CONTROL
. -mmT :
ENARE P vyl Swiond AN




