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Apparatus, methods and systems for compensating for an I/Q imbalance may include compensating for

an imbalance between a first component of a data signal and a second component of the data signal. The
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data signal may be modulated by a carrier signal having a frequency error. The first component may be
characterized by at least one parameter. The method may include receiving the data and carrier signals;
selecting a value for the parameter such that the frequency domain energy at negative frequencies is reduced,
and modifying at least one of the components based on the value.
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sign(x) = -1 x<0

E—EEHIT  SETHCTR 408 RE VS RERS
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955 - AT LL ROM(MEE LB 88) = - =4 CD—ROM -~ EPROM 71
EEPROM » #{TEI » KU EHETESENSISTTHEE S - 4l
AMEARNEETERINRE - SEF OB RAM - 17 i i
REBO T RE RNV M B REFED > MBS
HYSE o W] A AR T o

At - EHARHEE VQ RN AKNHEBT TR - X
RUAREB LW AI TR > FESKHASHE  FF
LA SRR R IR S B 050 T > B DAY 55 S 1R B e )
TEERBNENER - FEHFEERNO TR ER -
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z, [n] =5 [n]cos(Z;rqm)—- S, [n]sin(27rqm) +w, [n]
z, [r)= gs,[n]sin(272em - 6)+ gs, [n]cos(2gn—6)+ W, 7]

—EREATE LiFES
z'[n]= {real(Kls[n]ejz“V" + K5 [k + w[n])}
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+jp{real(K‘s[n]e’2“” +K,s"[nfe +w[n])}
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EEHE
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101P001553TW 16/70



1429246

1024 7 A 5 BEES#HAEK

EREBHEERREE  REREH FFT RESHBREIEE - K@%
BEARBUBREEESRE K -k BEBERS -

- ) - - i %” i k+ N )) _l_ - +-8};
Z[k]zﬁe"‘N[—;-(H—fge ”)-f-;-,-e’%]ﬂhle e,{ ( n%[zﬁ Qeﬁ) g ]

B- K] = e 2e-/omrtr _SI:T((ZZ_?%I {_% (-gge”): 2 e&}

R QAEN L5t EEEENEERT -BHR QX
B HEEONEES
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101PO01553TW 17/70



1429246

10247 A 5 BEESiRA

FoEd EENEEERELFESEO -k NEEEN 0 K
HSE2BRT VQ RENEE - RE > RANWENESHEN 2 &
Bt VQRE2H -

1/Q £ B {h 5t |

NE VQ REWRTEWANER  AUHERT ZIHIEN
BORSRRMEE 0 REFIWIEABEME - £ /Q kB THEE MG
st By

[k] W K +e

FESRE kI —k> FFTHEWMEHTER 1/Q X #E > BEREEHE
RFER > Bk e WHARMGBRER -

2= oo ) ™ i 8

o)
2l -2 oo e —te ]+v»|eme o aelriel).

SO R RS R S0Khz (Y& &

FEEEERRELROBERT - B VQ AEFrENAIE GRS
= (image component) [EF EFT S XM EHR SR EHMBER(—
k/NYHIR - EEOEARRZETRM 1 BRE P 28T > 1/Q $8
BHE(-KN-20)BUERLE > Hd ¢ BEELHWELERS
= o= ARRE/IFHRER = afc/fse £ 1.5e9Hz=300kkHz TF >
87 58 5 88 72 09 #1[8 B] ££ 2200ppm Z ] - i OFDM {% %% E R &
50e6/256=195.3kHz - Htt » £+ - F1E S E T ZF[—k—3.k
3R ERRCE -  HR&E O ~k+i> FFT#E A ¢

101PO01553TW 18/70



1429246

102 £ 7 B 5 BEIESiEA

- g s ap il i "W.
Z[-k-ri]-'{lfe"'K,e'WV ){ -1fd (2"A;E'+;3D) },&elr(“'b)(%?)ﬂvw

W HHRFHERRRE o EREREGUESR 20 WEE - T

RERERBI—k—3,.. kI3 EEEEE - EEH > HAK
FIREEERE o(FR &) » UM E &% AL T8 AL A
FHHE -

_(k+M
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MEXmIZING SI1M(2NEION3/6IN(2pHIN~2ps N2 for K=2a9

hgo0Tinsp m0r)

¢ i H i H
Tro 1) 100 180 200 280 300
OF tn e

& Df=+245Khz BF RS & A » HIE

17.04=max3,9{1010gm[[ sin(27r(0N) })} o p e[-Af,Af]

sin(22 + 27¢) k €[146,186)U[217,249]

FTEL > B ICT T & B SNR & 249 157 & 40.3816[dB]

N’IK, (g, 6) i ’
40.3816[dB]=min(SNRk)=min,_,_gﬂ[lOlogw[MJ-lglogm[[ 'Sm(27r¢N) J J]

IKz(g:BX Sm(%"i*+27f¢)

AL ICIIRER IR B 40[dB] - /NA(ESEIE » BT DL AT L2 S - %
RE O LUETEUEI ST - R ICITEE > £ 0 k fil —
i FFT & & 5

Z[k)= 4K, +W,

Z[-k+i]=r'BK,+W,,

/xeW-1) sin(zr&N )
sin(7ze)

B = ¢~ ¥loterdedn- n)[(-l)'sm (av[p *8])]

A=

sin(27]p - le+5i))

RBEKMTEMTBELFE h RWPIREERRE ge 1 gyt LS
FIRE - TP MERE O —k+il f1—k+i2 @R K {5
St LS R
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ARB LS EEERBIEREE > BRRHEE®R/A > B

R 1T B2 B R 8E -
EBCR AR HE AR EI 5 — FFT R e hise - FF B 006948 6l fE

ZERE - ARAFINEEELZEHE Zk 1 conj(Z— k) RIMY L
EoMUEBENEBEUERETEMS  MESHEMNE -
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3

4

gﬁ?rﬁﬁ- FFTRINF
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=L
g /m
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Z[k]= perldgn=tnrakey x o,
s o
2]
. § ~ .
Z[-k+1)= %e""‘("”e’m";x" e N B K, + W,
21—~ BF R EF O SFFTL MR T8 L

22— FAMEA S STF TR A2 M Eo it & 1R
#I-IEBTFRADUBE AR

AR IR IE B A 3t

HTHERWAA L OFDM b B HMEN > RMAEE/mE
RGEBEERY o BELAE—BEE  SEHEREHNTHEE - )
FEE AWGN 752 -l B ¢ BT LB $9 K > LUETE L OFDM 7% 9% A RS »
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g > FiE HEZMAEES)
BB ERAH

JAEBET EEERGARRES

angl gz[k,,m]z‘[k,,mﬂ])

£=
27r(N + NC,,)
H¢
k. SNR, >SNR,
" |k, SNR, >SNR,
® 52 64 48 52 20 22 A1 0% S 5P 45 35

5 B 08 IR A (B R By 6] S 39

_ - . R .
Zy, = iz[kl’ mk—l’Zu(AuNcp )m Zs, = Z Z[ mk-JZn(NoNa)m

me0

-_— L-1 ) . _ -1
Z_kl“" = ZZ[_ kl +il’mk‘12z(2¢’s)(N¢:Vo)m Z-kzbl - Z [_k +l mk -j22(26+E)N+Ngp)m
m=0 m=0

h
—

—Z——klﬁz = LZ_I:Z[— k + iz,m]e'ﬂ”(w*éxm”")m ?-k,n = Z[ k, + lz,m]e =2r(26+E XN+ Nep I
m=0 0

3

fEAM ARG SRE  FETEEE ge™ - 8

‘ C. = ei‘ﬂ(v-s)(An) q ' IBZI ) Zx,

B(Z o) + By(Z o)

Hoop o AL TE 0T HREE AR E BRI E T
%— FFT SR & BB 2 MNP B HEALERE -
’ﬁ%ﬁ%%ﬁ Bifl A HRNEEHIT HMFERGL BN ANE

X @@ A—EadE  sTUERGL - E?ﬂzﬂ’i%
A= emg(v -1) SlIl(ﬂ&N)
sin(7e)

RERJARREBE /N 10khz(Tppm) » B EHZ A —ER =
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e/=¥1) 2 09872 +0.1595i = 1
sin(7aV )
sm(ms)

=254.8975=256=N

PR B AFT =] LAFE 40 °F 89 3 4L

# 1 Bi

Ko

sin(?.rr[(p -le+ ﬁ])

= e-ﬂx(v-%tXN)e—j:d( (‘ 1)i sin(27rN [@ -1e DJ ‘

sin(27r[go -ie+ 5%])

=e-jz,<o-§sﬁ%x~-,,[<-1r' i)

= e‘ﬁm"(o-s)(_l)li( sin(22V[p - £]) J

sin(27r[(p -£+ ﬁD

- e-ﬂﬂ“(w-s)( sin(2V[p - £]) )

sin(27t[¢7 -E+ 57

CFO
’ﬁ‘; Tooe-es 2r

_ -pavp-e)| _sinQaV[p-£])
B =e (sin(Zﬂ[qp £+ m])
_sin(2-N-CFO)+ jlcos(2- N CFO) 1]
2s1n(27t[¢ £++55

@
R 7 (BB 52 R SR R ER 2 WU SA AR AL /N (200 + T)ppm » 3 B 7F
—3i3 > B HHY sin_M5| B2 E/NH -
HRER/INAEE  BENSUEIURFR/DMSEE
gk

sin(0.0121)= 0.0121
U

sin(27r[¢—a+2—;7])§ 2ﬂ[(p—5+f'\,
B bk 3
FELEERHRER
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Function 1: Probe2Processing
function |rho. theta, Scale Q1 = ProbeZProcessing (CFO,
‘ clQparameters logdli2, N dela)
IH(CEO-=-0)
CHO-1:

end

*o Restdual Frequeney Bstimation
[cphasor poephasor m -

Residual Fregqueney BstimationcelQparameters log CEOD.
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% Residual Frequency Correction
cZ=
Residual_frequency_Correction(cIQparameters_log,cphasor_p,cphaso

I_m);

% Coefficient Computation
[cfB1,cfB2,Scale_ratio] = Coeff_Computation(CFO,il,i2);

% Phasor Estimation
[cg_exp_mTeta M_16,Scale_g,scale inv] = Phasor Estimation
(cZ,ciB1,cfB2,CFO,N_delta,Scale_ratio);

% 1Q Coeff Computation

[theta,rho, Scale Q] =
Compensation_Params_Estimation(cg_exp_mTeta M_16,
scale_inv,Scale g);

101P001553TW 38/70
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/O
ZiE RN I3
, — I
CFO 32bit BIEEES
cIQparameters_log 16bit x 6 x Nsym sass FET 8542 1
Complex 3
I1 gbit EEOER | I
12 8bit EEOER?2 I
N_delta 16bit NCO =R 1
cphasor_p 16bit Complex SERE NA
cphasor_m 16bit Complex R NA
cZ 16bit x 6 Complex pe88 FFT B NA
cfBl ~ 16bit Complex (ESHAR NA
cfB2 16bit Complex ESHEBY NA
Scale_ratio 16bit st (Scaling ) NA
SEY
Cg_exp_mTeta_M_16 16bit Complex @=L Q[ NA
&
Rho 16bit VQ i O
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Function 2: Residual_Frequency Estimation
function [cphasor p,cphasor m] =
Residual_Frequency Estimation(cIQparameters_log,CFO)

%TBD Select 1 or 2 according to SNR
cfphasor 64 = 0;

for i=0:Nsym-2
cfphasor_64 = Cmplx_Add 64 32(cfphasor 64,
Cmplx_Mult_16_16(cIQparameters_log(i,1),...

conj(cIQparameters_log(i+1,1));
end

%Level control to 16 bit signed
Nphasor_bits = Nfft out-1;

csphasor = Scale_Complex_64(cfphasor_64, Nphasor_bits);

%Get phasor angle and magnitude
[angle_Ef rPhasor] = cordic_ SW( csphasor,1);

%Generate 'Exp_Vec p'
fScale =26981; %const 16 bit -

round(gcordic)*2N(Nfft out-1))

csphasor_div=Cmplx_real_div_32_16 (csphasor<<(Nfft_out-2)),
rPhasor); %32bit complex / 16bit real division
% csphasor_div <+-2"15

101P001553TW 40/70
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cphasor_p_32=
(Cmplx_real_muit_i6_16(fScale,csphasor_div) >>(Nfft_out-2);
%Scale back to 16bit, known

cphasor_p = Cmplx_Saturate(cphasor _p_32, Nphasor_bits);

%Compute angle for IQ image rotation (Coridic Preparations)
angle m = 2*CFO*(Nfft+LCP) - angle_Ef; %lrad=
2~(Fr_bits-1)

%Generate 'Exp_Vec_m’
[cphasor_m tmp] = cordic_SW( angle_m,0); %gives -phasor(angle)

Function 3: Scale_Complex_64
function [csphasor] = Scale Complex_64(cfphasor_64, Nphasor_bits)

Ceil Log2_ Abs_Real_Cfphasor_64 =

ceil log2(abs(real(cfphasor_64)));
Ceil_Log2_Abs_Imag_Cfphasor_64 =
ceil_log2(abs(imag(cfphasor_64)));
Scale=Nphasor_bits-max(Ceil_Log2_Abs_Real_Cfphasor_64,Ceil_Lo
g2 Abs Imag_Cfphasor_64);

if (Scale>=0)

csphasor_32 = (cfphasor_64<< Scale);

else

csphasor_32 = (cfphasor_64>> (-Scale));

end

csphasor = Cmplx_Saturate(csphasor_32, Nphasor_bits);

101P001553TW 41/70
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Function 4: ceil log2

function [i] = ceil log2 (X)

i=0;

while(X!=0)
X=X>>1;
1=1+1;

end

Function: 5: Sign
function [Y] = Sign (X)

Function 6: Cmplx_Saturate
function [X_16] = Cmplx_Saturate(X_32,Nbits)

Sign_Real X 32 =sign(real(X_32));
Sign_Imag X 32 =sign(imag(X_32));
Abs_Real_X 32 = abs(real(X_32));
Abs_Imag X 32 = abs(imag(X_32));

if (Abs_Real X 32 >= (1<<Nbits))
if(Sign_Real X 32==1)
X_32.r= (1<< Nbits)-1;
else

101P001553TW 42/70
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X _32.r= -( (1<<Nbits)-1);
end

end

10246 7 B 5 BEEERK

if (Abs_Imag X 32 >= (1<<Nbits))
if(Sign_Image X 32==1)
X _32.i= (1<<Nbits)-1;

else

X _32.i=-( (1<< Nbits)-1);

end

end

X_16=X_32;

# C-2 : Residual Frequency Estimation, Scale_Complex_64 %

%casting to 16bit

HARK
Vo
278 Ko Wi
cfphasor64 64 bit EE Acc NA
complex
Nphasor_bits  8bit Target Num of phasor bits NA
csphasor 32 32bit complex Tmp Variable NA
csphasor 16bit complex Scaled phasor for freqrot  NA
P
rPhasor 16bit /Js csphasor NA
csphasor_div  16bit complex L NA
<=
cphasor_p 16bit complex SEIR I O
angle Ef 32bit Csphasor HIfaE NA
angle_m 32bit phasor_m rotation 895 E NA
cphasor_m 16bit complex O

101P001553TW
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% C-3: SWCORDIC ## < 4%

78 Kol srE vo

X_tmp 32bit x 2 array AR (EETRAR 17 bits) NA

Atan_Table 16bitx13 array ATan Table (const) NA

data_in 32bit complex CORDIC &A I

Angle 32bit B NA

Angle offset 32bit R EES NA

X 32bit x 2 array CORDIC & 1 O ‘
z 32bit x 2 array CORDIC & 2 O

mode Boolean (1bit) I

CORDIC #&EIEE

Function 7: Cordic_Pre_Process

function [data_in, X] = Cordic_Pre_Process(data_in,mode)
96*******************************************************

% % ok 3 3k 3k ok ok %k ok ok ok % ok ok ok ok sk ok ok ke kock ok ok

%  Pre Cordic Processing  Bring angle to [-pi/2,pi/2] and find
Quadrate

O/ % e ook ok ok Stk o KRk ok ok o o oo ok skokok o ok koo ok ke skok ke ok ok Kok ok ok ok o ok .

3 & ok e 3 3 ok ok 3k sk ok ok ok ok k ok ok ok ok ok ok ok Kok ok

if(mode==0)

Npi=0;
Sgn=0;

while (data_in < -QUARTER)
data_in = data_in + (QUARTER<<1);

101P001553TW 44/70
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Npi = 1-Npj;

end

while (data_in > QUARTER)
data_in = data_in — (QUARTER<<1);
Npi=1-Npi;

end

X(0) = 19898;
% (1/GainCordic)*2~(Ntan-1)

® X(1)=0;

if(Npi)
X=-X;
end
else
X=0;
Sen_real = sign(real(data_in));
Sgn_imag = sign(imag(data_in)),

° if (Sgn_real ==-1)
data in = -data_in;
if(Sgn_imag == 1)
X = QUARTER<<I;
else
X = -(QUARTER<<]);
end
end

end

101P001553TW 45770
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4% C-4: Cordic_SW, Cordic_Pre_Process ## & &

278 KR e vo
data in 32bit complex CORDIC & A 1{0)
X 16bit x 2 array CORDIC E& O

Function 8: Residual_frequency_Compensation

function [¢Z 16]=

Residual frequency Correction(cIlQparameters_log,cphasor_p,cphaso
r_m)

cdphasor_p = cphasor_p;
cdphasor_m = cphasor_m;

cZ ACC_64 = zeros(1,6);%64bit Acc array (16bit phasor * 16bit FFT
output + log2(40)bit for acc >32 !!!!)

for i=1:Nsym-1

c¢Z ACC 64(1)=Cmplx_Add 64 32(cZ_ACC _64(1),
Cmplx_Mult 16 _16(clQparameters log(i+1,1)
,cphasor_p);
cZ_ACC 64(2)=Cmplx Add 64 32(cZ_ACC_64(2),
Cmplx Mult_16_16(cIQparameters log(i+1,2)
,cphasor_p);
cZ_ACC_64(3) =Cmplx_Add_64 32(cZ_ACC_64(3),
Cmplx_Mult_16_16(cIQparameters log(i+1,3)
,cphasor_m);

101PO01553TW . 46/70
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cZ ACC_64(4)= Cmplx_Add 64_32(cZ_ACC_64(4),
Cmplx_Mult_16_1 6(cIQparameters_log(i+1,4)
,cphasor_m);
cZ_ACC_64(5)= Cmplx_Add_64_32(cZ_ACC_64(5),
Cmplx_Mult_16_16(cIQparameters_log(i+1 ,5)
,cphasor_m);
cZ ACC_64(6) = Cmplx_Add_64_32(cZ_ACC_64(6),
Cmplx_Mult_16_16(cIQparameters_log(i+1 ,6)
,cphasor_m);
Y cphasor p= Cmplx_Saturate ((Cmplx_Mult_16_16
(cphasor_p,cdphasor_p))>>(Ntan-1 ), Ntan-1);
cphasor_m = Cmplx_Saturate( (Cmplx_Mult_16_16
(cphasor_m.cdphasor__m))>>(Ntan-l), Ntan-1);

end

%Scale Back to fit 32bit
for i=1:6
cZ_ ACC_32(i) = cZ_ACC_64(1)>>(N fft out);
end
‘ 9% Level control vector so that max fits in 16bit

Max 7=0;
for i=1:6
if (abs(real(cZ_ACC_32(i)))>Max_Z) .
Max_Z = abs(real(Z_ACC_32(1)));
end
if (abs(imag(cZ_ACC_32(i)))>Max_Z)
Max_Z = abs(imag(Z_ACC_32(1)));

end
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end
%Scale Back to 16 bits
Scale_Z = (Nfft_out-1) - ceil_log2(Max_2Z);

fori=1:6
¢Z_16(1) = Cmplx_Saturate (cZ_ACC_32(i)>>(Scale_Z), Nfft_out-1);
end

# C-5: Residual_frequency Compensation & £

27 K R Vo
cdphasor p  16bit Complex NA
cdphasor_ m  16bit Complex NA
cphasor p 16bit Complex I
cphasor m 16bit Complex I
cZ_ACC_64 64bit Complex x 6 array NA
cZ 32 32bit Complex x 6 array NA
cZ 16 16bit Complex x 6 array O
Max 32 32bit NA
ScaleZ 16bit NA

Function: 9: Coeff Computation
function [cfB1,cfB2,Scale ratio] = Coeff_Computation(CFOQ,il,i2)

Log2Nfft = §; Yolog2(Nfft) = 10g2(256)=8;
PI_over FFT = 804; % round(pi/Nfft*2"(Fr_bits-1))
Nfft=256;

N1=2;
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[cphasor11 tmp] = cordic_SW( (CF O<<(1+Log2Nfft)),0);

cphasorl1 = Switch_real_imag(cphasor11);
cfs11 = Cmplx_Add_16_16 (phasorll, -sqrt(-1)*(1<<(Ntan-1))),

fs21 = CFO+ PI_over FFT *il;
fs22 = CFO +PI_over_FFT *i2;

if(fs21==0)

¢fB1 32 = 1<<(Nfft_out+ Log2Nfft );

else

cfB1 32 = Cmplx_real div_32_16

((cfs11<<(Nfft_out-N1)),fs21);

end

if(fs22==0)

cfB2 32 = 1<<( Nfft_out+ Log2Nftt);
else

cfB2 32 = Cmplx real_div_32_16
((cfs11<<(Nfft_out-N1)),{s22);
end
%Scale to fB1,{B2 to 15bit signed
Max =0;
Max_abs _real cfB1 = abs(real(cfB1_32));
Max_abs_imag_cfB1= abs(imag(cfB1_32));
Max_abs_real cfB2 = abs(real(cfB2_32));
Max_abs_imag_cfB2= abs(imag(c{B2_32));

if(Max_abs_real _cfB1 >Max)
Max = Max_abs_real_cfB1;
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end
if(abs Max_abs_imag_cfB1>Max)
Max = Max_abs_imag_cfB1,;
end
if(Max_abs_real cfB2 >Max)
Max = Max_abs_real cfB2
end
if(Max_abs_imag_cfB2>Max)
Max Max_abs_imag_cfB2;
end
Scale_ratio = 15-(ceil log2(Max)+1);
If (Scale>=0)
cfBl = Cmplx_Saturate( (cfB1_32<<Scale_ratio), Nfft_out-2);
cfB2 = Cmplx_Saturate ((cfB2_32<<Scale_ratio),Nfft out-2);
else
cfB1 = Cmplx_Saturate ((cfB1_32>>-Scale_ratio), Nfft_out-2);
cfB2 = Cmplx_Saturate ((cfB2_32>>-Scale_ratio), Nfft_out-2);
end

F*x C-6 At E B EH

5B PN aETR vo
cphasorll 16bit complex CORDIC #54 NA
cfsll 32bit complex 1RBST NA
fs21 16bit (BRBI5 7 NA
fs22 16bit (BB 5 NA
cfB1_32 32bit complex JEEERL 1 NA
cfB2_32 32bit complex SEHERL 2 NA
cfB1 16bit complex {784 1 O
cfB2 16bit complex 784 2 O
Scale_ratio 16bit

memEmmgy  ©
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Function 10: Phasor Estimation variable definition

function [cg_exp_mTeta_M_16,Scale_g,scale_inv] =
Phasor_Estimation(cZ,cfB1,cfB2,CFO,N_delta,S cale ratio)

N2=2;

96******************************************************’
ok kkokkokdkkkokkokdkkkkkk
% Fix Point Computation of

%
%  Z1*(|fB1["2+|B2"2) Z1*(|[fB12+fB2["2)*(B1'*Z3

+B2*Z4')

o, e -
% B1'*Z3 +B2*Z4’
|B1'*Z3|"2 +|B2*Z4'|"2

O % 3 sk ok o ko kR KRR ks ok ko ko skok ok ok ok ok ok ookokok ok kb

sk 3k 3k sk ok e sk ok o ok ok dk ok ok ok ok ok ok kR ok

sumfB1SfB2S = (Real Add 30 30 T(MAG_2_16(cfBl),
MAG._2_16(cfB2)))>>15

cNUMERATOR 32(0) =
Cmplx_Real Mul 16 _16(cZ(0),sumfB1SfB2S);
cNUMERATOR 32(1) =
Cmplx_Real Mul 16 _16(cZ(1),sumfB1SfB2S);

cDENOM_32(0)
=Cmplx_Add 32 32(Cmplx_Mul_16_16(conj(cZ(2)),(ciB1)),

Cmplx_Mul 16 16(conj(cZ(3)),(ciB2)));
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c¢cDENOM 32(1)=
Cmplx_Add_32_32(Cmplx Mul_16_16(conj(cZ(4)),(cfB1)),

Cmplx_Mul_16_16(conj(cZ(5)),(cfB2)));

cMul_NUM_cDENOM 64(0) =
Cmplx_Mul_32_32(cNUMERATOR_32(0),conj(cDENOM_32(0)));
cMul_NUM_cDENOM 64(1) =
Cmplx_Mul_32_32(cNUMERATOR _32(1),conj(cDENOM _32(1)));

DENOM _2_64(0) = MAG_2_32(cDENOM_32(0));
DENOM 2_64(1) = MAG_2_32(cDENOM_32(1));
%Level Control for division scale denominator down to 32bit
if(DENOM_2_64(0)>DENOM _2 64(1))

Scale = ceil_log2(DENOM_2 64(0)));
else
Scale = ceil _1og2(DENOM 2 64(1)));

end
Scale = 31-Scale;

If(Scale>=0)

DENOM 2 32(0) = Cmplx_Saturate

(DENOM 2 64(0)<<(Scale),31);

DENOM_2 32(1) = Cmplx_Saturate (DENOM 2 64(1)<<
(Scale),31);

else

DENOM 2 32(0) =

101P001553TW 52770
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Cmplx_Saturate( DENOM_2_64(0)>>(-Scale),31);
DENOM_2 32(1)= Cmpix_Saturate

(DENOM _2_64(1)>>(-Scale),31);

end

%complex/real division 64bit/32bit gives 32bit result
cfCM(0) = Cmplx_real_div_64_32
(cMul_NUM_cDENOM_64(0)>>N2 ,DENOM_2_32(0));
cfCM(1) = Cmplx_real div_64_32
(cMul_NUM_cDENOM_64(1)>>N2 ,DENOM_2_32(1));

cfCM_avg = Cmplx_Add_32_32 (cfCM(0),cfCM(1));
% Rotation of FCM _avg needed only if HW can not Insure Delatn=0

[cphasor_dn tmp] = cordic_SW( (CFO<<1)*N_delta, 0),

¢fCM_avg_rot_64 = Cmplx_Mul 32_1 6(cfCM_avg,cphasor_dn),
cfCM_avg_rot 32 = fCM_avg rot_64>>(Ntan);

Scale fCM = Ntan-1-N1+Scale_ratio-Scale-6-N2;
fCM_one_level 32 = 1<<(Scale_{fCM);

cfp_ m_32 = Cmplx_Real_Add_32_32( cfCM avg rot_32,
-fCM_one_level_32);

cfp p 32 =Cmplx_Real Add_32_32( cfCM_avg rot_32,
fCM_one level_32);

cNUMERATORS 64 =
Cmplx_Mul_32_32(cfp_m_32,conj(cfp _p_32));
DENOM({ 64 =MAG 2 32 (cfp_p_32);
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%Level Control for division scale denominator down to 32bit signed

Abs_real Numerator64 = abs(real(cNUMERATORS_64);
Abs_imag_Numerator64 = abs(imag(cNUMERATOR{_64);

if(Abs_real Numerator64) > Abs_imag_Numerator64)
Scale_fn =30 - ceil log2(Abs_real_Numerator64);
else
Scale_fn =30 — ceil_log2(Abs_imag_Numerator64);

end

if(Scale_fn>=0)
cNUMERATORS 32=cNUMERATORS_64<<(Scale_fn);

else
cNUMERATORS _32= cNUMERATORS{ 64>>(-Scale_fn);
end

%Level Control for division scale denominator down to 16bit
unsigned
Scale_fd =16 — ceil_log2(DENOM( 64);

if(Scale _fd >=0)

DENOM scaled_16= Cmplx_Saturate
(DENOM(S 64<<(Scale fd),16);

else

DENOM( scaled 16=Cmplx Saturate
(DENOM(S 64>>(-Scale fd),16);

end
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% Division 32bit complex by 16bit real

cg_exp mTeta M_16 = Cmplx_real div_32_16
(c(NUMERATORS 32,DENOM( _scaled_16);

Scale g =Scale fd-Scale_fn;
scale_inv = 14-Scale_fd+Scale_fn;

£ CT7: oy =it E R

4258 AN w1
sumfB1S{B2S 16bit

cNUMERATOR_32 32bit x 2 complex array

cDENOM_32 32bit x 2 complex array

cMul NUM_cDENOM_64 64bit x 2 complex array

DENOM_2 64 64bit x 2 array

DENOM_2 32 32bit x 2 array

cfCM 32bit x 2 complex array

cfCM_avg 32bit complex

cphasor_dn 32bit complex

cfsll 16bit complex

fs21 16bit

fs22 16bit

cfCM_avg rot 64 64bit complex

cfCM avg rot_32 32bit complex

cfCM_one level 32 32bit

cfp m_32 32bit complex

cfp p 32 32bit complex

cNUMERATORS 64 64bit complex

DENOM(_64 64bit

Abs_real Numerator64 64bit

Abs_imag_Numerator64 64bit

cNUMERATORS 32 32bit complex

DENOM( scaled 16 16bit complex

cg_exp_mTeta M_16 16bit complex O
Scale_g 16bit O
scale_inv 16bit O
Scale_fd 16bit

Scale_fn 16bit

Scale fCM 16bit

Scale 16bit

101P001553TW
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Function 11: Compensation_Params_Estimation
function [theta,rho, Scale Q] =
Compensation_Params_Estimation(cg_exp_mTeta_M_1 6,
scale_inv,Scale g)
Mue_bits=4;

if(Probell Num == 1)

Mue =12;

elseif(Probell Num == 2)

Mue = §;

else

Mue = 4;

End

if(Probell Num>=1)

% First Order Loop

Mue Im = (16-Mue);

cg_ ACC_32 =cg_exp_mteta <<(-Scale_g-Mue_bits);

cg_Delta_32 = (Cmplx_Mul_16_16 (cg_exp _mteta
*cg_exp_mTeta M_16))>>4;

cg_ ACC 32 =Cmplx_Add 32 32
(Cmplx_Mul_32_16(cg_ACC_32,Mue_Fix_1m),

Cmplx_Mul 32 16(cg_Delta_32,Mue Fix )>>(-Scale_g);
cg_exp mteta=g ACC_32;
%  1/Q Correction Params Calculation
[theta,rho, Scale Q] =
Compute_Fix_Point_IQ_Coeffs(cg_exp_mteta,scale_inv,Scale g,0);

else
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g exp_mteta= cg_exp_mTeta M_lI 6;
% /Q Correction Params Calculation
[theta,rho, Scale_Q] =
Compute_Fix_Point_IQ_Coeffs(g_exp_mTeta_M_1 6,scale_inv,
Scale g,1);

end
Probell Num = Probell_ Num+1;

# C-8: Compensation_Params Estimation % # & %

P 27 Ko e vo
Probell Num 16bit EEEE 0 NA
Mue 16bit m=ies NA
Mue_1m 16bit BT NA
cg ACC_32 32bit complex
cg_Delta_32 32bit complex
cg_exp_mteta 16bit complex
theta 16bit E 1S 2048 O
‘ rho 16bit EE(E 0 O
Scale_Q 1bit B 1 O

Function 13: Compute_Fix_Point 1Q Coeffs

function [theta,rho, Scale Q] =

Compute Fix_Point_IQ Coeffs(cg_exp_mTeta_M_16,scale_inv,
scale g FirstTime) |

if(FirstTime)

scale_delia*—*O;
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if (scale_inv>31)
scale_delta = scale_inv-31;
scale_inv=3];
end

else

scale_inv = scale_inv_log;
scale_delta= scale_delta_log;
scale_ g =scale g log;

end

real g exp mTeta M 16 =real(cg_exp_mTeta M_16);
imag g exp mTeta M 16 =imag(cg_exp_mTeta M_16);

if( real g exp mTeta M 16> 1<<(-scale_g log))

Inv real g exp mTeta M _16 = Cmplx_real div_32_1¢
(1<<(scale inv),real g exp mTeta M_16));
Scale_theta = -14+Teta bits-1+scale_delta;

If(Scale_theta>=0)
theta =Inv real g exp mTeta M_16<<(Scale_theta);
else
theta = Inv_real g exp mTeta M_16>>(-Scale_theta);

end
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Rho 32 = Cmplx Mul_16_16
(-imag_g_exp mTeta_ M_16,Inv_real _g exp_mTeta M_16);
Scale_rho = -Rho_bits+1+scale_inv;
If(Scale_rho>=0)
rho = Rho 32<<(Scale_rho);

else
rho = Rho_32>>(-Scale_rho);
end
Scale Q=1;

. else

Scale_theta = scale_g log +Teta_bits-1;
Scale rho= scale_g log + Rho_bits-1;

If(Scale theta>=0) ,
theta =real g exp_mTeta M_16<<(Scale_theta);

else
theta =real g exp mTeta M 16>>(-Scale_theta);
end
<9 If(Scale_rho>=0)
rho = (-imag_g_exp mTeta_ M_16)<<(Scale_rho);
else

rho = (-imag_g_exp_mTeta_M_16)>>(-Scale_rho);

end

Scale Q =0,
end
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% C-9: Compute_Fix_Point IQ Coeffs &% & %

78 A wm 10
scale_inv_log 16bit
scale_delta_log 16bit
scale_inv 16bit
scale_delta 16bit
real g exp mTeta M 16 16bit

imag_g exp mTeta M 16 16bit

Inv_real g exp_ mTeta M 16 16bit

Scale_theta 16bit

Scale_rho 16bit

Rho_32 32bit

theta 16bit @)

rho 16bit O

Scale Q 1bit 0]
BRERMPEFTRHFLR

[C 32 1,C 32 i]=
Cmplx_Add_16_16(A_16_r,A_16_i,B 16 rB 16 i);
C32r=A 16 r+B 16 r

C32_i=A_16_i+tB 16 i

[C 32 1,C 32 i]=
Cmplx_Add_32_32(A_32 1r,A 32 iB 32 1,B_32 i)
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C32r=A32r+B 32r
C 32 i=A 32_i1+tB_32.1i

[R_32] =Real Add 30_30_T(A_30,B_30);
R 32=A 30+B_30

[C 64 1,C 64 i]=
Cmplx_Add 64 32(A_64 r,A_64_iB_32 1,B_32_1);
C64r=A 64 1+B 32 r

C 64 i=A 64 1+B 32 1

[C_32_1,C_32_i] = Cmplx_Real_Add_32_16 (A_32_r,A_32_iB_16);
C 32.r=A 32 r+B_16
C32i=A32i

[C_32 1, C 32 i] = Cmplx_imag_Add 32_16
(A_32 r,A 32 1,B_16);

C32r=A32r

C 32i=A 32 i+B_16

[C 32 1] =MAG 2_16(A_16_1,A_16_i)
@ C 32 r=A 16 r* A_16 r+A_16_i* A_16_i

[C_64 r]=MAG_2 32(A 32 1,A_32_i)
C 64 r=A 32 1*A 32 1+A 32 i*A 32

[C 32 1,C 32 i]=

Cmplx_Mult_16_16(A_16 r,A_16_i,B_16_r,B_16_i)
C 32 r=A_16 r*B_16 r-A_16_i*B_16_i

C 32.i=A_16 r*B_16_i+A_16_i*B_16_r
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[C_64 1,C 64 i]=
Cmplx_Mult 32 32(A_32 r,A 32 iB 32 r.B 32 i)
C 64 r=A 32 r*B 32 r-A_ 32 i*B 32 i

C 64 i=A 32 1*B 32 i+A 32 i*B 32r

[C 32 1,C_32 1] = Cmplx_real Mult 16 16
(A_16 1,A 16 iB 16 1)
C32r=A161*B 16r

C32i=A 16 i*B 16 r

[C_64_1,C_64_1]= Cmplx_Mul 32_16(A_32_r,A 32 iB 16 1)
C64r=A32r*B l6r
C641=A 32 1*B 16.r

[C_16_1,C_16_i] = Cmplx_real_div_32_16(A_32 r,A 32 iB 16 1)
C32r=A321/B16r
C32i=A32 1B 16

[C_32_r1,C 32_i] =Cmplx_real div_64_32(A_64 1,A 64 i,B 32 1)
C32r=A641B32r
C321i=A_64 /B 32 r

[C_16_r,C_16_i] = Switch_real_imag(A 16 r,A 16 i);
C32r=A_16_1

C32i=A 161

&k D
Tty HW—SW i d& 4 8

TREGTHEREM 2 HWNBREP HW M SW X BIHERR
e s HW 698t > 8 A8 AT HW -
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HW  sw 5 F/n BA g
HiE E2l -
HE
HW
An N_delta 16bits g NCOEEFMFFT &
B — B R
il 11 3 bit gy LELOE—AY
FFT #O89FB %
i2 12 4 bit B ZE S Ea
FFT &O8RBR
CFO  CFO 17bit g BSEREEDR (TR
FERISRRRERB )
Z[k1,7] 16x2prrob§ o FFT &4 » 80 ki
clQparameters  2_symbols bit for symbols 1,...,
~log(0,) Nprobe2_symbols
Z[k2,;]  clQparameters 16x2prrob_e o FFT &4 » FFEEO k2
_log(1,:) 2_symbols bit for symbols 1,...,
Nprobe2_symbols
Z[-kl cIQparameters 16x2prrobt3 Fn FFT &4 FEO
+il,:] _log(2,?) 2_symbols bit -kl1+il for symbols
1,..., Nprobe2_symbols
Z[-kl cIQparameters 16x2prrob§ s FFT 8B4 FEO
+12,7] _log(3,) 2_symbols bit -k1+i2 for symbols
1,..., Nprobe2_symbols
Z'[-k2 cIQparameters l6x2prrobf: P FFT 84 ' &
+il,:] _log(4,?) 2_symbols bit [1-k2+il for symbols
1,..., Nprobe2_symbols
Z[-k?. cIQparameters 16x2prrob§ B FFT &M - 7850
+i2,’) _log(5,2) 2_symbols bit K2+i2 B symbols
1,..., Nprobe2_symbols
¢ theta 12b.it BA VQ #HEZH
unsigned
P Rho 12bit B A /Q #{EE8
Scale_  Scale_Q 1bit A I/Q FEZH
Q
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f4k E

BEREBIN -CPRE - HEHE
function [dF] = Frequency Offset_Introduction(CFO)

Freq Th =41; %round((5e3/50e6)*2*pi*2"16)

if (abs(CFO)< Freq _Th)
dF = sign(CFO)*(TBD RF Interface introduce);
else
dF=0;
end
EREEE
function [SC] = Probell_Tone_Selection(Sigma_2_32)

SC_MIN(0) = 146;
SC_MAX(0) = 186;
SC_MIN(2) = 217;
SC_MAX(2) = 249;
SC_DEFAULT(0) = 176;
SC_DEFAULT(1) = 249;

NLog_In Bits=6;

NLog_Out_Bits=14;

SC =SC_DEFAULT;

a=-7871; % round(-1.921625277102556*2"(NLog_Out_Bits-2) ) ;
b=8071; % round(1.970377382221271*2"(NLog_Out_Bits-2) );
C =32656; %round(0.0375*log2(10)*2"(NLog_Out_Bits-2 +
NLog_In_Bits));
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%Find Default NSR log2(Sigma_2)
for i=0:1

Scale 16(i)= ceil_log2( Sigma_2_32(SC_DEFAULT()) );

Frac_16(i) = Sigma_2_32(SC_DEFAULT(i))>> (Scale_16(i)
-NLog_In Bits );

NSR_Default_32(i) = Scale_16(i) << (NLog_Out_Bits - 2 +
NLog_In Bits)+ ...

@ (Real Mult_16_16(b,Frac_16(i))+a<<(NLog_In_Bits));
NSR_Best_32(i) = NSR_Default_32(i);
for k=[SC_MIN(i) : SC_MAX(i)]
Scale k_16 = ceil log2( Sigma_2_32 (k) );

Frac k 16 =Sigma 2 32 (k)>>(Scale_k_16
-NLog_In_Bits );

<D NSR_32 = Scale_k_16 << (NLog_Out_Bits-2 +
NLog In Bits)+ ...

(Real Mult_16_16(b,Frac_k_16)+a<<(NLog_In_Bits) );
if(NSR_32< Add_Real_32_32(NSR_Default 32 (i),...

- Real Mult_16_16(C,
Abs_16(Add_Real 16_16(k, -SC_DEFAULT()))
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ifNSR_32 <NSR_Best_32(i))

SC@O) =k;
NSR Best 32(1) = NSR_32;
end
end
end
end

Where Sigma_32 is a vector of the estimated noise variance of the

various FFT tones.

CP #« OFDM # 3k ¥ £4%
function [NUM_OF_SYMS, CP_LENGTH] = Probe2_CP_L_Select(CFC

CP_Max = 126;
CP_Min = 64;
L Max = 40;
L_Min = 28;

PI =205887; %round(pi*2~Freq_bits-1)
2P =411775; %round(2pi*2~Freq_bits-1)
Phase Th=41177; %round(2p1/10*2"Freq_bits-1)

dPhase_64=0;
error=0;
Min_Err = Inf;

NUM_OF_SYMS =L_Min;
CP_LENGTH =CP_Min;
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for CP = CP_Min: CP_Max
for L=L_Min: L_Max

end

101P001553TW

end

dPhase 32 = L*(CP+N{ft)*(CFO);

while (abs(dPhase_32) > 2P)
dPhase_32= dPhase_32- sign(dPhase_32)* 2P

end

if (abs(dPhase_32 )>PI)

error_32 = abs(2PI - abs(dPhase_32));
else ’

error 32 = abs(dPhase_32);
end

if( error 32 < Phase_Th)
Indicator=1;
if(error 32 <Min_Err)
Min_Err = error;
NUM_OF SYMS =L;
CP_LENGTH =CP;
end

end
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[SIHE] (P33
HMEEHGERNE —DENE_SEMAXENTEARZGE /
APPARATUS AND METHODS FOR COMPENSATING FOR

SIGNAL IMBALANCE IN A RECEIVER
(3]

ABHSRARRE VQ KEHNEKE -~ HEANARLLE  AETE
HWEENEFNE—SENZENERNE _sEZHEBILE -
ABEBRERENEEEHRUREZEREW - TEHAED—
SEREMAE—SDE - LT EVTERBEWERME LSS & &
BSHE UEREREBAREANEREE S MERAAE £
WELL—FlsE -
€39

Apparatus, methods and systems for compensating for an 1/Q
imbalance may include compensating for an imbalance between a
first component of a data signal and a second component of the data
signal. The data signal may be modulated by a carrier signal having a
frequency error. The first component may be characterized by at least
one parameter. The method may include receiving the data and
carrier signals; selecting a value for the parameter such that the
frequency domain energy at negative frequencies is reduced; and

modifying at least one of the components based on the value.
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