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PSD: phase-sensitive detection or signal demodulation method  
 

Low pars 
filter 

Input output 
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  No dispersion in Im, no broadening after FT 
 

II. If we apply gx & gy simultaneously 

  ( ) ( ) ( )∫ ∫ +−=
x y

ykxki
yx dxdyeyxkkS yxπρ 2,  

     90 RF 

  ( ) ( )∫ ∫ +−=
s r

rkski dsdrers rsπρ 2,  

 6

 

  ( )∫ ∫  −

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

r

rik

s

dredsrs rπρ 2,

 

   ＝ Fr ( )  ⎥
⎦

⎤
⎢
⎣

⎡
∫
s

dsrs,ρ

gx

gy

 r 

 ( )∫ =
s

dsrs,ρ  projection of ( rs, )ρ  along r 

    ygv  

   ∴only get a line in k-space 
  x xgv

y s 

  rrr gTgTk γγ
22

→−=  

ky      

 rgT γ
2

 

0 
 

rgT γ
2

 kx



III. Spin Warp 
 
    90RF                              90RF 

 7

 

                             ∫ ∫LL  

 

            ∫ ∫LL  

  gy                                    

                     T       ∫ ∫LL           

  gx                          
 
 
 Repeat for say 128 excitations 
 

 ( ) ( ) ( )dxdyeyxkkS txgygni

x y
yx

xyy +∆−∫ ∫= δγρ ,,     

 
  K-space: 
                          ky 

ky,max

 
                            
 

128 K-lines 

 
 
 
 
                                                       

  max,xk− max,yk−   

 

   Take 2D F T of ( )yx kkS ,  to get ( )yx,ρ ! 

 

yg∆  
δ  δ

yg∆2

fixed 

fixed g

2
−

gγ Tx
                    T 

e increment 
discret
δγδ yy gk ∆=  

 

 

k

yδ  

continuous 
x

Tgγ
1
2

gy: phase encoding 
    gx: frequency encoding 

 max,x

2
x  



(1) Discretization: 

digital sampling of ( )yx kkS ,  occurs in read-out break kx into γ ⎟
⎠
⎞

⎜
⎝
⎛ −

2
T

M
Tmg x ,  

m=0,…..M.  

So what we actually get is a discretized ( )yxs knkmS ∆∆ ,  

 
 
This is equivalent to :  
  

( ) ( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∆
⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∆

⋅=∆∆
y

y

x

x
yxyxs k

k
comb

k
k

combkkSknkmS ,,  

 
 
 
 
 
 
 
 

where ≡⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∆ x

x

k
k

comb   ),(
,

yy
nm

xx knkkmk ∆−∆−∑
∞

−∞=

δ

         
  

( yxs , )ρ  ＝ ( ) ( ) ( )ykcombxkcombkkyx yxyx ∆∆∆∆⊗,ρ    

 

   ＝ ( ) ∑
∞

−∞=

∆∆⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∆
−

∆
−⊗

nm
yx

yx

kk
k
ny

k
mxyx

,
,, δρ  

 
   ＝ a replicated array of ( )yx,ρ  

δygn∆  γ

γgx m Dwell 

kx

kx
… … 

kx
ky 2D

1D 

 
………………
… 
………………
… 

………………
… 

F. T. 

 8



 
 y 
 
 
 
 
 
 
  
 
 
 
 
 
 
W

H

 
s
 

T

S

 

 

 

x 

convolution 

( ) ( )∫
∞

∞−

−≡⊗ duuvgufgf

1−

 

e can isolate the central one （m ＝ 0, n ＝ 0）with a filter  

（x, y） ＝ rect( x) rect(xk∆ yk∆ y) 

o that ( ) ( ) ( )yxHyxyx s ,,, ρρ =  

herefore, the close form expression for ( )yx kkS , can be worked out as follows: 

( ) =yx kk , F ( ){ }=yx,ρ  F{ ( )yxs ,ρ H(x,y)} 

( ) =yx kkS , F ( )[ ]⊗yxs ,ρ F ( )[ ]yxH ,  

  

＝ ( ) ⊗⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∆⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∆ y

y

x

x
yx k

k
comb

k
k

combkkS , F ( ) ( )[ ]ykrectxkrect yx ∆∆

＝ ( ) ( )∑
∞

−∞=

⊗∆−∆−∆∆
nm

yyxxyxyx knkkmkkkSkk
,

,, δ

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∆⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∆∆∆ y

y

x

x

yx k
k

Sinc
k

k
Sinc

kk
1  

9

( ) 1−∆ xk  

( )∆ky



     ＝ ( )∑
∞

−∞=
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∆
∆−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∆

∆−
∆∆

nm y

yy

x

xx
yx k

knk
Sinc

k
kmkSincknkmS

,
,  

 

meaning: The sum of the weighted ( )yx knkmS ∆∆ ,  with the weighting factor 

being ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∆⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∆ y

y

x

x

k
k

Sinc
k

k
Sinc  that is shifted by { }yx knkm ∆∆ ,  

 
 

Let’s go back to ( yxs , )ρ , a replica of ( )yx,ρ  the condition that the replica 

don’t overlap: 
 
    
 

y
y

FOV
k

=
∆

1

 
 

               

x
x

FOV
k

=
∆

1   

“ sinc interpolation” 
Also used in EPI 
rigridding of uniform 
time-domoin data 
sampling 

  
gDwellk

FOV
x

x γ
π21

=
∆

=   Nyquist criteria! 

 
 

(1) Nyquist frequency ＝ 
Dwell

1  

 

 10



(2) Nyquist frequency ＝ 2 × highest frequency of a sampled function 
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