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Design of a 16-QAM Carrier Recovery Loop for
Inmarsat M4 System Receiver

Kyung-Doc Jang*, Jung-Su Han* Associate Members, Hyung-Jin Choi* Lifelong Member
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H =Folde Inmarsat M4 Alxgle] $217]9] A4l el 23keF 16-QAM  (Quadrature  Amplitude
Modulation) carrier recovery loops A|3}gtc}l. Inmarsat M4 A]2~®] JFAoA HsH= frequency tolerance+
+924 Hz (signal bandwidth: 33.6 kHz) 2] o|2]d Ao s & Ful 4l e okdsl Exto] 7153k
carrier recovery loop A7} @-7-%lt) Uubz|<l PLL(Phase Locked Loop) WHS- ©]8-8F carrier recovery loop+
A e® & Fale F4 3300 A]l A BASE = glon, oo el B =t Al 5
g fFAllo] 2 A E kA He] F2to] 7153t Inmarsat M4 A]2~B1-S- $]8}F carrier recovery loop FZE Al
qkgkel. AgkEl carrier recovery loopt -$-41 carrier recovery ©]Zoll UW A1% detection & $l8l 345 Alell
74313k differential filter 7]9+2] noncoherent W2]2] detector® o83} UW detection = <F33}glomn, o]F %
7] T A 2238 $18] UW(Unique Word) 4155 ©]83F 215 #}2]2] CP(Cross Product)-AFCE A-$-3151
t}. =3 dubdoen o#dxl 16-QAM NDA (Non Data Aided) ¥ thal Al jitter A5S ¢35l
16-QAM DD(Decision Directed) HH2]e] PLL & A-83le] A} 548 Fasiglon], As AES £ Alg=
16-QAM carrier recovery loop7} WE221e- s AlFA = s3] 78S d5sisich
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ABSTRACT

In this paper, we propose a 16-QAM carrier recovery loop which is suitable for the implementation of

Inmarsat M4 system receiver. Because the frequency offset of 1924 Hz on signal bandwidth 33.6 kHz is
recommended in Inmarsat M4 system specification, carrier recovery loop having stable operation in the channel
environment with large relative frequency offset is required. the carrier recovery loop which adopts only PLL
can’t be stable in relatively large frequency offset environment. Therefore, we propose a carrier recovery loop
which has stable operation in large relative frequency offset environment for Inmarsat M4 system.

The proposed carrier recovery loop employed differential filter-based noncoherent UW detector which is robust
to frequency offset, CP-AFC for initial frequency offset acquisition using UW signal, and 16-QAM DD-PLL for
phase tracking using data signal to overcome large relative frequency offset and achieve stable carrier recovery
performance. Simulation results show that the proposed carrier recovery loop has stable operation and satisfactory

performance in large relative frequency offset environment for Inmarsat M4 system.
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Inmarsat (International Marine Satellite Organization)
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12709] 914E wiAsh= ICO ZRAES 53l |
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Mobile Personal Communications System)E 25k
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B 913k A Hbe] gEEolel e 53
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Qaolmg AEAQl AFE 33 Jeys gRE
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B =ol|A= Inmarsat M4 A|~Ele] $=217] &
wlo] AA| 3ol 238t 16-QAM carrier recovery
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], o]of] we} & =ellAle Tk FAlel AHlgh
UW detection, 27] Fu= 34 28 38
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2.1 AAE Fx 9 AR

Inmarsat M4 A|Z~8l-2 inmarsat mini-m<] A}
%l B* 22 inmarsat mini-m AJ¥]~Z multi-me-
dia FAlell o] g3 EAoz spUEe] 64 kbps dl
ole] Au|2~E AlFShH inmarsat AH|2olA] Hx
= turbo codingS o83l vk ARE FH o w
2} dle]El®} in-band BERE FREM, HlolE] R=
9] data rate & 64 kbps °]i dhje] =ZHUH
2560 7He] dlele] AWE Z=t}h In-band ==
dlelelE AE A dew] el sub-frame W
96 bits®] SU (Signalling Unit) & 7}xIck dlo]E]
2 e9} in-band BE B turbo coder E 16-QAM
Wz wkA]g ARg3le). dlo]e] ) in-band9] AU
%1 3 2l

a3 13} 13 2= 247} Inmarsat M4 A|2~E]e] =
%) 722} Inmarsat M4 A|2~819] FAIGE F2tof] of
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Services Digital Network) 2~ terminal Z%-€] 2560
bit/sub-frame<] 4137} 48 bit/sub-frame<] sub-band
signaling 4139} multiplex&- -3l 2608 bit/sub-frame
9] A1%7} scrambler2 JHEc} In-band®] 73
ISDN -2 terminal 2%-E] o} Al5-5 WHA| 9431 96
bit/sub-frame®] sub-band signaling 412} multiplex
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X 1. Inmarsat M4 A|2~E] A

Data rate Data 64 kbit/s
Interface fi
ntertace frame Data, In-band 80 ms
length
Interface frame size | Data, In-band 5120 bit
Sub frame length | Data, In-band 40 ms
Dat: it
ata bit per Data 2560
sub-frame
Signaling bit per Data 48
sub-frame In-band 96
I t bit
fPUt S PEE - Data, In-band 2608
sub-frame
Coding rate Data, In-band 0.509375
Output bit
wput O PEE | hata, In-band 5120
sub-frame
Output bol
utput Symbol Per | py o n-band 1280
sub-frame
Frame length Data, In-band 80 ms
Dat: bol
G R e Data 2560
frame
Pilot bol
tiot Symbols per Data, In-band 88
frame
UW(Unique Word) | Data, In-band 40 symbol
Frame size Data, In-band 2688 symbol
Symbol rate Data, In-band | 33.6 ksymbol/s
Modulation Data, In-band 16-QAM
80ms 80 ms.
Pre‘;‘r’r"we uwt umt EOD‘
80ms, total 2688 symbols 40symeols
Pilot symbols #1 #2 #3 #7 #38
uwmt | | ‘ ‘ ‘ Modulator input symbols
40 29 1 1 1 12 18
80ms
40ms 40 ms
Sub Frame(Encoded) Sub Frame(Encoded) Turbo encoder output
5120 bits = 1280 symbadls 5120 bits = 1280 symbols
(Rate = 0.509375) (Rate = 0.509375)
80ms
40ms 40 ms
Data su Data su T“:’S;;‘;’:n:r)‘p“
2560 bits 48 bits 2560 bits 48 bits
80ms
40ms 40 ms
DummyBits su Durmy Bits su T‘{;’_‘gz’;?f#’g“
2512bits 96 bits 2512bits 96 bits

12! 1. Inmarsat M4 Frame 7-3%

384-3.2 2] scrambling vector= 6959H] = 1+X+X15
2] polynomial & scrambling It} Scrambling® A1 &+

442

From ISDN or terminal
(56/B4kbits)

Data: 2560 bitsubframe.
Inband: No data

IF signal
Turbo Trarsmit 6 QAM
000 e L0 [ g Leymehroniser [~ ¥ moduisor
Data: 48 bit/sub-frame bitlsub-frame. bitisub-frame bit'sub-frame. symbalframe 336 ksymbolls
In-band: 96 bi/sut
From Access Contral Readin &K
and Signaling o teadin wo
Equipment il Read out CK “0symiols)

2! 2. Inmarsat M4 Data, In-band RE 415 BE2%

E 2. Inmarsat M4 A|2=E]2] UW, EOD pattern

<5 | Channel Bit pattern Length

000001001010100111000010
I-Channel | 0111100101101 80 60

bits

Uwl

000001001010100111000010
Q-Channel| 1111100101101 80

101011100111111100100101
I-Channel |, 5110101100001 80 160

bits

Uuw2

101011100111111100100101
Q-Channel |11 011010110000111 80

000001001101010011101110
I-Channel |11 0000011010010 80 160

EOD
bits

000001001101010011101110
Q-Channel| |11 6000011010010 80

coding rate 0.509375= turbo encoding =™, coding
= sub-frame < 7ol 40 symbol2] UW<} 29 symbol
ult} pilot symbol-s AMR], % 88 symbol®] pilot
symbol& Ataiglch o] el AF Al 214 16
symbol2] CW preamble¥} 40 symbol2] EOD(End Of
Data)E 4] §F 16-QAM W75 Saf Afaic)
UW$} EOD9| pattern < & 29} Zr}

Fol

22 ANE 2E
A ALE r(k)= A (D) Aol vl o 9lek

r(k)=s(k)-e"""* +n(k) )

o714 s(k)= 16-QAM WHZFE k WA baseband
A AlzEa stk)=a+j-boolt}. f,= frequency
offset, To= 4™ duration ©|™ n(k)+= o] 0°]
L BAle]l  Ny29l AWGN  (Additive  White
Gaussian Noise)° |t}
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I. Inmarsat M4 A|AHIS 2|5t
carrier recovery I M|
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¥ Aol Inmarsat M4 A|2glS 918 &
oA A}sH= carrier recovery T AdAlG] digk
85 7]Edcl 28 32 Inmarsat M4 A ~E9]
carrier recovery 20| ZA| FxLo|vk
Inmarsat M4 A]~Ele] A% td=2 33.6 kHz
olm, FFAel4 HAS= frequency tolerances= *
924 Hz 24| olelgh Adxlern & T &4l
Ao PLL wke 2= AlFEA S)=  carrier
recovery®] F2to| Brbsdlch wEpi] SHE Bx
522 AMgsle] veoe] Fuih ERS wslol )
] olg Wleme A F 7HA] whe]l EAlgh
ol wA wbhge Ful a9E 23
(Frequency Sweep Acquisition) ©.2 VCO<| 3]¥
ol FUH o] AAd] Wahs 291= AsE 7}
3le] VOO &9 I8 o T ol W
2 29m AR AR E3 AT eI,
WA vp-S AFCE 0|83l vrlo g pLLY HE
Z preamble ©Ju} pilot ¥ 2 &E ATE o]
B3l Abs WAe T ek AEstel 2
Zsl SAlS A= wRale|th _zrj%_'_ 29]s
EA AR A9 E Sert v w23
21 Seh Q] dEel ANHCR ARCE o
s "zrﬂ”? E2 WAlE o83l Ew, o]d] uwle}
oAl AFCO| A-8-5 Sl 27| T
:1-_71,—% 530513tk Inmarsat M4 A|2~Elell€] AFC
945 8= UW AlEE o]fsloiof 3], o]
= ]6}] 7] 3of|4] 22| carrier recovery ©|Zef]
A A1z gk UW detection ©] $A1A2 & 4=
s=lofof gk

—_—

>

-

'F

N

Input signal Uwsignal

RRCF 1 getection ——— AFC
Data signal
L ru

NCO

T2 3. Inmarsat M4 A|2~8l€] carrier recovery 2]

A 2=

3.1 UW detector
dubzl o g AFC+ preamble ©Ju} pilot 3 %2
ofrgl N5E olgsle] AF WS B T

‘sampled matehed filter

Lo

] {D

Lo
L

2l 4. UW detector 135

= 73 z;],oq _,_7] ZVL]._,_ 9_14]0 i)(]——é‘]»__ upﬂo]
| wlj<Zell carrier recovery ©]Zell UW detection®]
AF o g sefw|ojol gl o]e] wE} =
A= Fake SAle] 74213l UW detection Ale-2
2)3) differential filter 7]9+2] noncoherent detector
o] A48 F3F] UW detection < 335}tk
8] 4% B =Foa] A8’ UW detector 1-%
Lolu], UW detectort= Al Al39] Ful= 3419
oJ8ks- Zo|7] $1 differential filter, 41 4159}
differential UW Alg°] AFhs 9k A=k
(I/Q-channel) 28] & AAbz FA=GH
Differential filter2] &3 X%+ Al A3 r(k)
o} 1 AF A|AH r(k-1) A132] complex conjugate
= AlzwA A (2)9 Fo] vehd = glem, Akt
Al AH$=+= differential PN A1%+= 4] (3)3F Rl

N

—[0

_L4

D, (k) = r(k)r* (k1) = s(k)s” (k = 1)e’>™7T¢ 4 N(k) @)

D, (ky=s(k)s" (k=) )

o374, N(k)=s"(k=1)n(k)e /2 K=DTe Lo(kyn*(k 1)
- /2T L (k)n” (k—1) 24 AWGNo|t},

Al (3)ellA] differential filtere] &3 Al&e] Fu}
9] o] Azkell we} Wskai ok A
Proz Wage sk > glek

Differential filterS %83} noncoherent 7]H}2]
UW detector =352 2] (4) o} 7ol Ljepd 4= glth

b

_ kz:[a, (k)D;(k)]

2

2
= {NCOS(UZ’A_}’TC) + i v, (k)} + {Nsin(erAch) + i Yo (k)
k=0 k=0

C))
o]7]A, 441 sample X139 AHL 12 71As}
ger, N UW Als 77k sample <o|iL
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1.04 - o -

o
©
1

—m— AWGN
—0— AWGN+Frequency offset 1kHz

o
o
1

UW detection probabilty
=
1

o
N
1

0.0 T T T T T T T T

Eb/No[dB]

T2 5. UW detection A%

v(k) = N(O)[s(K)s (k- N)| = AWGN o]t}
Differential filterS *-8%F noncoherent 7]5+2]

UW detector= A3 AXRS & T 8419

ggfo] 3] AAE 5 9SS A oA F1F

ek
I3 5= UW 21359] detection A5 0-2A] —Xr-ﬂr
g Aol F33E ok A 2l detection Ao

& 21 4 glek

3.2 Automatic Frequency Control

% 62 AFCO| 7f2FAl 74 o]t

AFC %= =7 FDD, X IE, NCO
(Numerical Controlled Oscillator) 2 A =o] gl
thFDD+= . °ZP~ A=3le] olel| sidsh=
AEE Zéﬂs]»— FHo2 FDD ¢vE|Elze=
CP-FDD, DP-FDD 18]3. Arc-tan FDD 5 t}ofsh

ol—/a]z:o] 7HHLQO—]T;].[2][4] 2 rxJH‘_ t} Loﬂ
i & F3lel o9l st elsh

= T =M, 73 RS S T &
°ﬂ ddsh= FDD =¥ ow S¥shd Hch
NCOE 7|8 ARSsld  ofpdZa  whAle]
VCO(Voltage Controlled Oscillator)$} ©}2 t]=|&

Input (CW)

K| FDD

e
NCO P~

1 oon filter

2] 6. AFC 22| T4

444

3} ® 22 ROM Hlo|Eo|| sine Al sl
S glom, Fx e FHd| uje}

ROM HJo]Eo] k8 EHsle] Ful= Qxfof didh

AZE "whHEe] Fule o x5 wANSH Ho)

3.2.1 FDD &x2|&

B = Folx]E= AFC &8-S 9J3ll UW detectorel] 2]
3 detection ¥ UW Al&E o83}tk 23 194
oz = nle} o] v =)o) A2 2| ¢l preamble
7%l UW 40 Aol & abe 4ld UW Als
o (K) £} QS Q1= UW ALE Sy (K) = s +J By )
of o Ha 3o Ea UW Al52] $14F ARS A
oM 7}‘5 HAOIFDD ] Al 2 AME- 7153},
A (5)9}F 2] vehd 5 9l

*

1 (k)-s,, (k)

Tepp v (k) =

suw(k)‘z
:( ok TJ° bth) ik ( I bmk)
uuk j buwk

= /S Tk )

FDD <ie|Foms dubdos paake] 4t
%5 wesle] CP-FDD7} AHS=w 9low
M= e Bales 3efste] CP-FDDE
Inmarsat M4 receiver®] I} A} AE7|2 A
gatoict 23 72 2 =Fellx] 483 CP-FDD2
550, A (6)< CP-FDD2] £% Algolr}. A
6)2] M[]L& complex A1%2| imaginary A%
2wzt

Out(k) = M| riepp_py (- rpp_y"(k=D)]

=M [eﬂ”foT‘k e I27 T (k_l):| =sin (27 foTy)

©)
Real
rFDDJJW(L@E + @ Out(k)

Imaginary

12| 7. Cross Product FDD £&%
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—n— Cross Product FDD
34| —0— Double Product FDD
—+— Arc tan FDD

Value

T T T T T T T 1
-20000 -15000 -10000 -5000 0 5000 10000 15000 20000
Frequency offset [Hz]

12 8. FDD &2]&2] S-curve

—2— Double product FDD

1 s i © | —v—ArctanFDD
o 1 —e— Cross Product FDD
0.014 \\é\
B3 3 FDD error variance
] Inmarsat M4
Symbol rate{ 33600 symbol/s
1E-4 4 Frequency offset: 1 kH;

FDUD error variance

ey
s

1E-5

0 10 20 30 40 50
Eb/No [dB]

1%l 9. FDD open loop jitter performance

a7 8, I3 9v 77 tekst FDD darz]E|
open loop S-curve®} jitter A5 B]olc) 4] (6)
4] ¥Z=o| DP-FDD ¢} Arc-tan FDD HF2le] 33
g2 ®A} 7lssk A8 7o) CP-FDD WHAHr} 4
Sl CP-FDD 9 A3} #7k> 4200Hz ~
+4200Hz 24 Inmarsat M4 A] 28] %7301]%1 Ha
sk Sl fA9l £924 Hz & &
/\ 9\}0 g :?d-o]z‘ﬂ— 2= olr/}

CP-FDD ¢ jitter A% A th2 = wpals} 7

2

é

Fu3] WY

o BT AEE UL 5 42T Fa

], o]e] we} B =foH= BxE U ¥
2 A%S aesle] CP-FDD & #-43F AFC
Inmarsat M4 A]2¥ carrier recove

alsieh

<
u -
[k
2
)
ofo

3.3 Phase Locked Loop
B =R PLL & AFC & %3 27| F9}

Input (Data)

Loop filter

a2l 10. PLLY 4=

T FA £ o)l S S Slel AREH, o
2l 102 PLLO] ]l FA o]}l

PLLS =7 PD(Phase Detector), F+= ZE,
NCO Z TAEth PDE 94} 232 AZs}e] o]
o dsh= X3S FHsl= Fioln, Fx I
harmonic 4139} A+ 4155 Z2|5%= LPF(Low
Pass Filter) *J3+3 <~33}7] ¥tk NCO+= A€
3} ¥l == ROM Hlo]Ee] sine FAlell slEsl=
THES sl glow, 2= g EHo ulegl
ROM H|o|E2] & FHsle] $14f 2o digh
A 55 ahse] S 2AHE BAksH| Elv

3.3.1 PD ¥12I&

¥ AeAi= PLLo| dwbeom  AHgw|=
16-QAM NDA-PD A3} =
16-QAM DD-PD Wlel] tfgh W85 7|&3}s]om,
T oY As ova B4E
DD-PD H*le] & v <Al A5s AT 5 gl
5 dSEhck

a8 11
Zo|tk 16-QAM NDA-PD 2l %7] )4k Al
of ]3] WHAYS= decision error ©f °J&k A5 o
35 #Haskslr| 918 2 S Alse] 3 A3t 6k
o A Alse] Fe o]83led Al Alsex] Wz
RAES Ak wAe® A (el Aelg o Al
3 (k)& o)gslw, PD & S-curve:= 4] ()7
Zro] vepd 5= gl

X

¢

I3 11.
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E[e(k)]=E[ 1, (k)-ro () =1, (k) -7, (k)" ]
(e8] (o) £Lat]}-sin(a0) 0

o714 O=2xf, T -k 24§12k FAE ehy
w, n(k)e} nk)= A 4 A5 inphase}
quadrature phase Al&o|t}.

Al (7)& E3}o] NDA-PD HHS S-curve?] Al
3 o] —7/8~m/8 R v FHS FlFd
F2 A oflx] FAkgol} self-noise
o olal 2 9 VF Wol TAT A 24 2
o] ZA9 oE 0 AFHLE FHIR= cyclic
slippinge] "#A 7hsAel A ®ch =g
NDA-PD 49| PD £2e 445l Sla) 2ol
F7HEE 45 SAE ozl 16-QAM Al AlS
s(k)=a,+j-b. o] o]EAQ1 &l & jitter I
HHAE 7] wiEel jitter Adse] U8 I3} == A3
5 ZefsiA e

a5 12+ ¥ =Eellk] 483 16-QAM DD-PD
Aol gk F3=elth. 16-QAM DD-PD WA
%7 decision 237} vi$- 83 decision A3}
7} AR & 7F Foll o] e dolE]
o AEslx] Fgt S BAJo] o] Fox|A X} 3§}
ARE B =Rl AFCE o]83 X7] Tl
A 2238 B8l x7] A S4loll 2J3E decision
error 2] <3S FHA3}gRoEH 16:QAM DD-PD
el 8-S 7]*“6}5‘—% EipsLad

16-QAM DD-PD W2 541 Alsol| tisle] 9
A 07) vl Ak 7P el Aldel wigk
43 sh 541 A5 (k) 9} decision®
51 S(0)=a+iboje] g Ba FE Eapol
A4 ztelE F45ke] RSk WA o®, PD =9
S-curvet= 4] (8)2 22| R 4 il

slov, ol

decision=

>

“

r(k) . Power

12l 12. 16-QAM DD-PD £5%

446

e R )
socel-o|m |

(af +82 )77+ (ny (k) + o (k) -(ax )

=E|Im
a%-#b,g

=sin(6) (8)

oA71A 0=27f,-T-k 2] $12F FAlo]ck

2 (8% E3l] 16-QAM DD-PD  HM&
16-QAM NDA-PD HFAlol| B|3}l] —7/2~7/2 2]
e A3 99e 71AH, 16-QAM NDA-PD W]
oA Mhehs 4 4 2 Al 92 iterS A
7 sk WA E 1 4 9l

I3 132 16-QAM NDA-PD "3} 16-QAM
DD-PD H}1€] open loop jitter 35 B]xL Z3}o|c})

23 1344 HZo] 16-QAM DD-PD HR]2
16-QAM NDA-PD Mol HbiEl= 445 Al
;e o= jiterE  AAFCEAN  16-QAM
NDA-PD "M HT} $53) jitter A5-2 WS &
I F glew, olof w} B =elxe 9o A
5 v R £ oy A Aes 2 4
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