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Overview of Presentation

The advantages of real-time DSP in weak signal detection
Typical real-time DSP hardware and software specifications
Finite impulse response (FIR) design and applications
Infinite Impulse response design and applications

Inverse filter design and applications

Case study: weak AC magnetic field detection



Characteristics of Real-Time DSP Systems

« DSP offers flexibility, allowing a single platform to be rapidly
reconfigured for different applications

« Operations such as modulation, phase shifting, signal mixing
and delaying are simply performed in software

« System performance is far more accurate than equivalent
analogue systems

« However, considerable intellectual investment is required to
design and program DSP platforms



DSP Hardware and Software Specifications
(Signal Wizard, Developed at UoM)

« 24-bit codec resolution (1 partin 16777216, or 144 dB)
« Variable sample rate extending to 196 kHz

* Processor power of 100 million multiplication-
accumulations per second (MMACS)

« Dual channel operation for signal referencing and mixing
« Non-volatile memory for retention of settings
« Standard PC interface

« Easy FIR, and IIR filter design, with other processing
functions including mixing and phasing
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Components of the Real-Time DSP System
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The Inherent Versatility of the Synchronous
Serial Interface

Frame clock >
Bit clock
4 SS| of DSP
Data
Frame clock 4 F
Bit clock

Data in normal
mode

Data in
network mode




FIR Performance Figures for
DSP56309 and DSP56321

Sample Nyquist Filter Filter
frequency, | frequency, | coefficients, | coefficients,
kHz kHz DSP56309 | DSP56321
10 5 0888 55000
20 10 4888 27500
40 20 2489 13750
100 50 888 5500
200 100 450 2750
500 250 195 1100
1000 500 85 550
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Final Realized Software (Signal Wizard)

7] Signal Wizard - C:\Program Files\Signal Wizard 2\Samples\frequency response complex.txt

of Manchest

File Edit View Hardware Process Display Options Help
FEHHANNLE P BEBRELAS
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Userl User2 | Predefined | Frequencyimport | Upper « [ o foesie ]
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Basic Linear Filter Theory: yo=[" n@x-7ar

Property / Filter type FIR lIR
Output signal yin =S AlkIxn— k] Ynl= ;a[k]x[n—k]—;b[k]y[n—k]

= -1 — ia[m]z_m

. Y(2) . _al0]+all]lz7 +...+a[m] T =

Transfer function H@ = oy = 212 A= e T bl 1+ S
Unconditional stability yes no
Word length immunity good poor
Design ease easy unwieldy
Arbitrary response yes not in practice
Computational load high low

Analogue equivalent yes yes
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Finite Impulse Response (FIR) Filter Design
using the Frequency Sampling Approach

Arbitrary filter impulse response h[n] obtained by:

(H,[K]=alk] f<k<f
HKI=blk] f<k<f

< H [k]=0 elsewhere

| H.,[k]=0 elsewhere

hnl=winlF " [H[k]]

Output signal y[n] obtained by discrete-time convolution:

yinl= ¥ hkIx{n -k}
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Windowing: Blackman v Rectangular
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Phase Control

Precise phase control for each
harmonic, to a resolution of
0.0001 degree. Application:
real-time Hilbert transform.

— jY(w),
JY (),

v, =H{y®}=F'{¥,(0)}
X]

FIR ]|||:g ] =]

>0
V(@)= w<(

Impulze responze ] Paszives ] B uktenmarth ] Chebyzhey ]
Userl l Ilger 2 ] Fre-defined ] Frequency import ]

Graphical Interface

97318

58391
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-9731.8
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___________________________________________________________
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___________________________________________________________
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Ilzer 1 mode: initial status of frequency rezponze iz
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Infinite Impulse Response (IIR) Filter Design

ylnl="> alklx{n—k]-> blk]y[n—k]
k=0 k=1



al Emulation of Analogue Networks I:
Laplace to z-domain mapping

s-domain

S=0+ jw

sSRC

H(s)=
() s’LC + sRC +1 z-domain




B2 Digital Emulation of Analogue Networks II:
The Bilinear z-transform (BZT)

sRC
SR SRR

MR
S Rel N
T )

H(s) =

2 NN \
(2) el Q + 2Rl S\
B I+ z° T N
RN
a
RN
1_ —1 1_ -1 1_ Nl
b Zl Zl +a Zl +1
ATARIDMIERA NN

MR
H(z) = = aZ—l 2
b RN (R 2h) 2\ (b —~a + D)z

a%(l—-z_z)

H(z)=
l+az7' +a,z7°

Substitutions:

a, =
(a+b+1)
aﬁz(z—zm
(a+b+1)
af:w—a+u
(a+b+1)

Final difference equation:

yln] = oy x[n]—ayx[n-2]-a,yln—1] -, y[n — 2]




D|g|tal Emulation of Analogue Networks I
Real-Time Performance
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Inverse Filters: Design and Applications
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== Signal Shape Reconstruction

Essential Equations Describing Time Domain Deconvolution (Inverse Filtering)
for Real-Time and Off-Line Processing
Simple Fourier domain scheme (rarely successful):

() = x(1) *h(t) & Y (@) = X (@)H (@) () = F{ Y () }

H(w)

Fourier domain scheme with noise estimate:

y(t) = x(t)*h(t)+ s(t) )= Fl{

Y(w) g S(w)
H(w) H(w)

Time domain scheme with noise estimate (surprisingly useful):

1
o DN 1 0, if ——<vy
RO=E {H(a))ﬂl S:{ H ()

O<s<l, otherwise

Finally: X(t) = y(l‘) * l:;_l (t)
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Signal Shape Reconstruction in Practice

Signal comprising three impulses

-0.008  -0.002  -0.001 0.001 0.002 0.003 0.004

Signal after low-pass distortion

0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
-0.05
-0.1
-0.15

-0.2

-0.003  -0.002  -0.001 0 0.001 0.002 -0.008  -0.002  -0.001 0 0.001 0.002 0.003 0.004

time (s) time (s)
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Case study 1: Detection of AC magnetic fields

propagated through a ferrous steel boundary:
The Skin Effect

ity
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The strength of both the eddy currents and the associated magnetic field fall rapidly with depth in ferrous

materials. The equation which describes the fall in current density is given by:

(-

d
J=Je‘e 9

Where J, is the current density on the surface, d is the depth within the material, J'is the skin depth, @is
the angular frequency and J is the is the current density at depth d. The skin depth for a given material is

governed by the relationship:
2
5= |———
wﬂOﬂrO-

where o is the conductivity of the conductor or target, 4, its relative permeability and £, is the absolute
permeability of a vacuum.
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Experimental Configuration

Steel properties:

Relative permeability: 250
Conductivity: 6.0 x 108 Sm-"

Frequency, | Transmitted Skin depth, | Attenuation | Received
kHz flux mm flux
density, T density, T

digital gain
(x 4096)

4.5 31x10¢ | 0.194 3.33x10% | 1.03x10°
9.0 | 1.73x10¢ | 0.137 | 457x107 | 7.89x 107"
13.0 | 4.09x10% | 0.114 | 220x 108 | 8.99x 1072

Dlglta| super
Oscilloscope narrowband
filter

Instrumentation
amplifier
(x 400)

Mild steel plate

digital function BN power Mild steel
generator 'I' amplifier enclosure
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“*|IR Filter Frequency Response at 9 kHz

Pole locations for two IIR filters

0.83146 | 0.55556 0.83146 | -0.55556

0.38268 | 0.92387 0.38268 | -0.92387

40 -

50 |
60 |
70 J
-80 -

90 |
-100

Amplitude, dB

0 5000 10000 15000

Frequency, Hz
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Line Scan Resulis at 4.5 kHz and 9 kHz

4.5 kHz

200 400 600 800 1000

Distance across plate, mm

9 kHz

200 400 600 800 1000
Distance across plate, mm
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Case study 2: Detection of low amplitude ultrasonic
pulses propagated through seawater
via a steel structure

7 m structure being lowered into the dock : :
: Location of transmitter
at Liverpool, UK
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Experimental Configuration
o=
—©

digital gain

(x 2048)

Signal type Tone burst
> © Frequency 40 kHz -
. b nar?gvr\)/f)rand Digital

Transmission amplitude | 20V

Oscilloscope

filter
Divergence angle hemispherical

‘ ‘ Attenuation Geometric (1/r2)
Peak received signal 650 nV

Instrumentation
amplifier
(x 400)

Microcontrolled -
pulser

Receiving

Transmitting
transducer

transducer
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Typical Results

Amplitude
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(a) Detail of original received signal
degraded by noise.

(b) Detail of received signal,
recovered by super narrowband
filter.

(c) Complete tone burst signal
detected after transmission
through water, recovered using
a super narrowband lIR filter.

Amplitude
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Conclusions

« Flexibility ensures that real time DSP is suitable for many
applications in weak field detection

« Software-realized processing yields very significant improvements
with regard to stability, precision and repeatability

« Multiple frequencies can be interrogated simultaneously, unlike
lock-in detection

« At least a factor of ten cheaper than lock-in detection
« New generation DSP devices are extending the range of signal
frequencies over which real time discrete processing can be

applied

« However: DSP system design requires investments in time and
effort
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