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Outline

Significance of ice sheet thickness measurements

KU radar history
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5 Significance of ice sheet thickness measurements

Sea level increasing 2 mm/year

Polar ice sheets one of the contributing factors
Uncertainty in the contribution of polar ice sheets
Need to assess the mass balance of ice sheets

Ice thickness a key variable

1991 NASA initiative : Program for Arctic Regional Climate
Assessment (PARCA)
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Areas most vulnerable
- to wetland loss

PEOPLE AT RISK
(millions per region)

"> 50 million
=" 10~50 million
region boundary

Hadley Center for Climate Prediction and Research, UK
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KU radar depth sounder history

1980: Coherent Antarctic Radar Depth Sounder (CARDS)

1993: KU CARDS operated in Greenland

1996: Improved Coherent Antarctic and Arctic Radar Depth Sounder
(ICARDS)

1997: NG-CORDS

1998: Faster digital system

1998-2002: 90 % success rate in field experiments
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System parameters: NG-CORDS

o Surface Acoustic Wave Description Characteristic

(S AW) deViCGS Radar Type Pulse Compression-analog
RF Carrier Frequency 150

RF Up-Chirp Bandwidth 17.00
Transmitted Pulse Width 1.6
Compressed Pulse Width 60

Range Sidelobes <26

Peak Transmit Power 200

PRF Selectable
Number of Coherent Integrations 32 -4,096

Number of Incoherent Integrations 0 - 64,000

A/D Dynamic Range 12-bit, 72
Sampling Period 53.3 (18.75 MHz)
Range Resolution 4.494

Antennas 4-element A/2 dipole arrays

NG-CORDS analog system

= — Telecommunication 2
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NG-CORDS

Clutter

Unsuccessful in sounding few outlet [ —
glaciers & transition zones

Off-vertical surface clutter and surface
echoes mask weak basal returns

Range Bins
=]

Radio echogram from southern
Greenland

400 500 600 800 500

aaorGEDIDCALION esooan 8.007M
A A0 MWINW
5204 o4 104,06
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Limitations of NG-CORDS

1) Range sidelobes

Formed due to the inherent mechanism of pulse
compression

Masks weak basal returns
T PULSE-

Critical in areas where ice thickness is shallow Fveaoneor COBgII}TE]?EION —
. . . Received echo d pul
26 dB sidelobes in NG-CORDS receiver ! compressed pulse

TRANSMIT
TIME

FREQUENCY

— — Telecommunication 2
- — Technology Center [8 of 38]



Limitations of NG-CORDS

2) Sensitivity Time Control (STC)
Two-way loss in ice > 80 dB

Mechanism to increase the dynamic range of the
receiver 80Bloss

Time varying gain
: G=80dB
Difficult to deconvolve the system response

3) Analog down conversion
* [-Q demodulator in NG-CORDS receiver
« Amplitude or phase imbalance in the I, Q signals

» Limit the dynamic range of the receiver

: - Ir]ltolrmation and " ﬁ,
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Solutions for NG-CORDS limitations

1) Reduce range sidelobes
* Mismatched filter Radar

_ _ _ Transceiver
* Y(f) is a window function H(H) Y()

» Input X(f) = Y(f)/H(f)
* Needs a Waveform Generator

2) Dual-channel receiver

» Two gain channels, Low Gain (LG) and High LNA

Gain (HG) v <F
e No STC LNAi i
3) Digital down conversion Ho

HGLNA

* Bandpass sampling

» No analog down conversion

m =S eleemminicar ﬁ
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Need for an Advanced COherent Radar Depth
Sounder (ACORDS)

Waveform Generator (WQG)
Transmitter subsystem
Dual-channel receiver with two different gain channels

Data ACquistion system (DAC) capable of undersampling

— — Telecommunication 2
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System parameters: ACORDS

Description

Radar Type

RF Carrier Frequency

RF Chirp Bandwidth
Transmitted Pulse Width
Range Sidelobes

Peak Transmit Power

PRF

Number of Coherent Integrations
Number of Incoherent Integrations
A/D dynamic range

Receiver Dynamic Range
Sampling Period

Range Resolution

Antennas

Characteristic
Pulse Compression (digital)
150

17.00

Selectable (0.2 — 10)
<36

200

Selectable

32-1024

0— 64,000

12-bit, 67

>110

18.182 (55 MHz)
4.494

4-element A/2 dipole arrays
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ACORDS block diagram

DIGITAL RADAR
SYSTEM SYSTEM
Tx Power \1/

GENERATOR
ouT

RACK MOUNT TRANSMITTER Amplifier
COMPUTER WAVEFORM
«D—< Tx Antenna

T

A

- -

)] 2)] 3) | CONTROL SIGNALS

TRIGGER 1) Tx Blank 1
2) Tx Blank 2A

DIGITAL ATTENUATOR )
CIRCUIT BITS 3) Tx Blank 2B
4) Rx Blank
5)

5)] 2]

High Gain Blank
LG OUT
CLOCK -
DATA <
RxIN Rx Antenna

SYNCHRONIZATION

10 MHz
BASE_CLK

|

ACQUISITION

DUAL-CHANNEL
RECEIVER

DAC_CLK
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Selection of clocks for WG & DAC: ACORDS

Nyquist theorem requires sampling frequency to be at least 320 MHz

Bandpass sampling allows a sampling rate at least twice the signal bandwidth
ACORDS simultaneously oversamples and undersamples

To avoid aliasing, sampling frequency is constrained by the following equations

szl 2fz—" f K Range of f, (MHz)
1 S
/. 2 160.00 — 280.00
f22B&2<k<’v
i J 106.67 - 140.00
J;— sampling frequency

f,— lower frequency (140 MHz) 80.00 —93.33
f,,— higher frequency (160 MHz) 64.00 — 70.00

k — positive integer
53.33 - 56.00

Selected
fire— WG_CLK (110 MHz)
frouc—DAC_CLK (55 MHz)

45.71 - 46.67

= elecommunication 2
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Digital pulse compression: ACORDS

Sin(2*pi*fc*t)

QUADRATURE
MIXER
NG-CORDS: SAW compressor DAG FE DAGE
0

DATA SAMPLED at fDAC

Received

ACORDS: digitally implemented sgna oac %

—_—

Compression gain,
10*logl0(BWxT) =16 dB il [

-fDACI2 0 | fDAC/
fe fc Cos(2*pfc*t)

Compressed pulse width, 1/BW e ek
Control on frequency weighting Sl

MULTIPLIER

Pulse

-

fDAC, Sampling frequency of DAC - 55 MHz

fc, Center frequency of sampled signal - 15 MHz

BW, Bandwidth of signal - 20 MHz

Window
Whb(f)

DATA SAMPLED at fDAC

-fDAC/2 0 fDAC/2
-BW  BW
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- — Technology Center [15 of 38]




Derivation of receiver gain: ACORDS

HG channel gain (Gy)

* High sensitivity

* Need at least 1000 coherent integrations 4 dBm

* NSYS T GHG: PA/Dnoise+IG 16,0 dBm P l
*Gy;= 64 dB

air/ice

LG channel gain (G, ) o [

* Pair/ice + GLG: PA/Dmax

*G, =20 dB

-63 dBm PA/Dnoise

Designed dual-channel receiver

* 80 dB gain in HG channel
* 44 dB gain in LG channel

m =S eleemminicar ﬁ
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ACORDS transmitter design

Consists of

1) Waveform Generator

= Uses Analog Devices 16-bit AD9777 as oversampling D/A
converter

First order harmonic image of the baseband chirp selected
Generates a 140-160 MHz chirp at =7 dBm

Transmit pulse width and window function can be
programmed

2) Transmitter

Clock synchronization section
Transmitter RF section

) Information and
- — Telecommunication
. Technology Center
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Clock synchronization section design:
ACORDS

» Generates clocks for the e o
digital system Lock cuoox | >

OSCILLATOR DIVIDER

AMP
Mini Circuits

= Trigger section — 10 MHz

TCXO PLO DIV1/2 PAD

sinusoid Corning Frequency Synergy Microwave Micrel II\DAE'II' C5)ircuits GALI-4
Control SPLL-110F SY100S838 - G=13dB

*WG - 110 MHz PECL signal MC956X2 Atten: 5 dB

DAC_CLK
* DAC — 55 MHz PECL @{ &
signal

. PSPLT AMP
* Whole system synchronized Mini Circuits D rcuts | Mini Circuits

LRPS-2-1J GALI-4
to the base ClOCk IL=3.5dB iﬁ‘;’fS 4B G=13dB

* All surface-mount except BASE_CLK

LPF % 10 MHz

LPF

Mini Circuits
SLP-15

fc =15 MHz
IL<1dB
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Transmitter RF section design: ACORDS

BPF

TTE
TRANSMITTER DK-150-15P
sub-system L LS fO = 150MHz

- 3dB BW = 20 MHz
Waveform PreAME IL<1.0dB

Generator

-—-‘ PreAMP

PAD BPF AMP SPDT M/A-COM
S . AP VP MAAMSS0017
RACK MOUNT Mini Circuits Synergy Microwave Mini Circuits Mini Circuits G=18.0dB
COMPUTER PAT-3 FBS-A31 GALI-5 YSWA-2-50DR 22 dBrﬁ Com
Atten: 3 dB fO = 150 MHz G=20dB IL<1dB NF = 3 dB p
3dBBW =20 MHz 17 dBm Comp lIsolation =40 dB— .
IL<3dB NF =3 dB 20 dBm Comp

Tx BLANK2A Tx BLANK 2B

2W
Amplifier

PAD

Mini Circuits
BW-S1W2
Atten: 1 dB

PowerFET
PowerAMP  PAD BPF =LA M/A-COM

LCF Mini Circuits Lark Engineering Rl MRF-134
200W Amp BW-S40W2 MS150-20-3CC HMC154S8 G =13 dB

G > 50dB Atten: 40 dB f0 = 150 MHz Letaes 37 dBm C

53 dBm Comp 3dB BW = 20 MHz Isolation = 30 dB NF = ;ndBomp
IL<1.5dB 37 dBm Comp -

%%q}olrmaﬁon and +i
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ACORDS Transmitter construction

Protel 99 for schematic entry and Printed Circuit Board (PCB)
layout

Transmitter sub-system section

= Designed ona3.6”” x 5.6”” two layer FR4 board using microwave
techniques

" Aluminum block as heat sink

= Packaged ina 4’ x 6°° standard RF enclosure
Clock synchronization section

= 2.6 x3.6” two layer FR4 board

= Packagedina 3’ x4’ enclosure

— — Telecommunication 2
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ACORDS dual-channel receiver design

Consists of RF section only

LG channel - 44 dB gain, HG channel - 80 dB gain
Amplifiers from Cougar Components selected

Two RFICs combined to form 6-bit, 63 dB attenuator
Gain controlled by a digital attenuator in each channel

— — Telecommunication 2
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Block diagram of the receiver RF section:
ACORDS

DUAL-CHANNEL RECEIVER

Rx BLANK ¢ ¢ ¢ ¢ ¢ ¢ l'-\‘T’r’NGai"

\

VW L/\/ — ]

f DIGITAL on H1
ATTENUATOR Cougar Synergy Microwave

BPF PSPLT AS293
éﬁ/:gar Lark Engineering Mini Circuits Alpha IND G =28.0dB FOB=S_1A5?)1MHZ
BPF LIMITER SPDT AS293 MS150-20-3CC  LRPS-2-1J IL<3dB 17.5dBm Comp 348 BUY = 20 MH
f0 = 150 MHz Agilent Mini Circuits Go280ds f0=150MHz IL=3.5dB 6-bit, 63 dB Attn NF = 2 dB a8 Z
3dB BW = 20 MHz HSMP-3822 YSWA-2-50DR 17 dBm Comp 39B BW = 20 MHz
IL<1dB IL<0.3dB IL<1dB F=2dB IL<1.5dB

Plimit = 8 dBm Isolation = 40 dB —

20 dBm Comp SPDT High Gain

Mini Circuits BLANK HIGH Gain
YSWA-2-50DR ATTN

:Is_o<la1tic(>jnB= 40 dB ¢ ¢ ¢ ¢ ¢ ¢

20 dBm Comp

AN —

LNA DIGITAL LNA BPF

Cougar ATTENUATOR Cougar Synergy Microwave
AS383 Alpha IND AS293 FBS-A31
G=35dB IL<3dB G=28.0dB f0 = 150 MHz
0dBm Comp  6-bit, 63 dB Attn 17.5 dBm Comp 3dB BW = 20 MHz
NF =1.7 dB NF =2 dB IL<3dB
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Rx BLANK

Receiver RF section

= Designed ona 3.6’ x 5.6”° two
layer FR4 board

= Packaged ina 4’ x 6’ standard RF

enclosure

* Internal RF shielding

» 25-pin DB connector ==

? i

T
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ACORDS digital system

Developed by Torry Akins
Three modules
1) Waveform generator
2) Trigger circuit
3) Data acquisition
Advantages over existing digital system
= Digital chirp waveform generation
» Undersampling of LG and HG channel outputs

= Complete control over radar system

Universal Serial Bus (USB) interface with host computer

) Ir]ltolrmation and " ﬁ,
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* Linear power supply, individual modules
housed in an 18’ x 24”’ x 7’ chassis

» Interface card

* Chassis — common electrical ground

: elecommunication ”
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DIGITAL ANALOG
SYSTEM SYSTEM

WAVEFORM TRANSMITTER
RACK MOUNT GENERATOR MODULE

COMPUTER
INTERFACE |
<:‘> TRIGGER CARD

Y
CIRCUT | SYNCHRONIZATION Digital
D MODULE

Oscilloscope

CLOCK SIGNALS DATA
1) BASE_CLK
2) WG_CLK
3) DAC_CLK

RECEIVER W RF chip
ACQUISITION MODULE I " e

mplituda (V)
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Loop-back test of the ACORDS system

Unweighted LG channel

DIGITAL ANALOG

SYSTEM SYSTEM LCF Power
Amplifier

WAVEFORM TRANSMITTER |
RACK MOUNT GENERATOR MODULE ou
COMPUTER
INTERFACE | Fiber Optic I Sampl
ample #
<:j> TRIGGER CARD P Onie
Unweighted HG channel

CIRCUIT - SYNCHRONIZATION
1) MODULE

CLOCK SIGNALS DATA

1) BASE_CLK RECEIVER H n‘ . Intesnal reflection
2 WG_CLK ACQUISITION MODULE RN .

3) DAC_CLK ~0.05

70 dB

.05 System feed-thu

01+

15.00
Sample ¢

Compressed LG channel
o -

« Practical loop sensitivity (dB) a1 ]
- J

* SNR + delay-line attenuation + pad — 1
‘W"‘W P

. 104 dB Pyt TR |

* Increased by transmitting a long pulse width L - W N J

* Sidelobe performance P

Normalized Magnitude |dB)
& L
) =

'
@
3

=]
2

| 1 n
| - SNR =
0 ,-.f | ' |55dB
BT ——

1000 1500
Sample 2

m %%Iqormaﬁon et ﬁ 3
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Compression results with different windows

Compressed HG channel - different windows

» Tested for different windows — .

I I
Tx unweighted - |deal Rect
—— Tx Hamming - Ideal Rect

« Sidelobe performance I o i v
36 dB below main lobe

@
:
@
2
=
=
c
o
=
=
-
@
o
E
o
=

660 660 700
Sample 2
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2003 field season
Installed on NASA P3 aircraft
Common radar settings of ACORDS
Three different cases

= Good internal layering

» Glacier in northern Greenland

= Glacier in southern Greenland
Data processing included

= Pre-integrations
Raw data

= Compensation for gain difference

* Pulse compression

= Post coherent & incoherent averages

First order processed data

Description

Characteristic

Tx pulse width

3.0

Tx weighting

Hamming

LG attenuation

36

HG attenuation

20
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Radio echogram with good layering: Results

Coherently integrated
radio echogram

LG radio echogram HG radio echogram

[ce surface [ce surface

_ kesutace

Bedrock
Bedrock

Range Bins [ 1 Range Bin = 1.532 m]

- -
3 3
4 4
q q
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1 1
£ ]
] ]
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T T
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o o
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£ £
] ]
v v
b b
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T T

00 ! ! ! ! 00 ! ! ! ! ! | 3000 I |
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Geolocation Geolocation ) Geolocation
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Amplitude-scope comparison: Results

Plot of A-scope # 100

T
{| — LG channel
| — HG channel
: Coherently Integrated

Dynamic range
=115dB
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=
=
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T
]
=
=
o
<
=

"y .
I L'lfh‘lh.l‘ v

(T S——_—

L
1500
Sample # ——>
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Radio echogram over Petermann Glacier:
Results

LG radio echogram of Petermann Glacier

Ice surface

-

Bedrock

e
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1 | | 1 1 |
400 600 800 1000 1200 1400
Geolocation
Latitude: ; 80.897N 80.751N 80.628N 80.513N 80.402N 80.276N
Longitude: : 61.079W 60.754W 60.161W 5 58.722W 58.075W
Distance: | & 32.7 km 49.9 km 67.3 km 2 103.7 km 1222 km
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Radio echogram over Jacobshavn Glacier:
Results

HG radio echogram

lce surface
HG radie echogram

Bedrock

Range Bins

i
£
o
@
i
-
]
E
[=4]
@
&
£
]
o
-
a
0
2
o
@
o
s
<
o

400
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100 200 300 400 500 600 700

Geolocation
Latitude: 69.392N 69.344N 69.296N 69.251N 69.208N 69.166N 69.125N 69.085N
Longitude: 43.435W 43.439W 48.446W 43.451W 48 A55W 48.461W 43.465W 48.47TW
Distance: 0.0 km 54 km 10.7 km 15.7 km 20.5 km 251 km 29.7 km 34.2 km
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Summary of results

* LG and HG echograms integrated
* Good control over gain

« Performance over Jacobshavn glacier
similar

= Post-coherent integrations canceling out a
the bedrock in the channel bedroc

o Two-way phase shift exceeds 45 degrees
between adjacent samples

o Phase compensation needed
= Post-incoherent integrations insufficient

— — Telecommunication :
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Conclusions

Designed and developed
» Transmitter sub-system

= Dual-channel receiver
Integrated in an rack-mount chassis
Tested with the digital system

ACORDS performance
= Reduced sidelobes by 9 dB
= Improved loop sensitivity

Easy to operate
Tested successfully in 2003 field experiment

— — Telecommunication 2
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Future recommendations

Integrate 200 W power amplifier with transmitter sub-system
Apply deconvolution techniques to correct for system effects

Develop an algorithm that takes in to account the slope of the
bedrock before coherent integrations

Reduce number of pre-coherent integrations
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Questions?
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