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2010 12 01 16 28 40.400000 26958  11   1 14.90  83.92 
23.39  560.00 1.83 -0.666 1192253.5081   0.3422 -4150.4017   
0.0200  31.3059   0.0281  0.02913  0.01281 1192253.7859   
0.4343 -4151.6005   1.1826  28.8874   2.0808 -4150.4017   
0.0200  31.3062   0.0281
2010 12 01 16 29 01.320000 26958  11   2 20.40  76.97 
25.99  560.00 1.83 -0.235 1112769.8867   0.2043 -3423.0920   
0.0114  38.4380   0.0187  0.14618  0.00962 1112769.6012   
0.2635 -3422.8605   0.7321  40.8239   1.4299 -3423.0921   
0.0114  38.4376   0.0187
2010 12 01 16 29 21.980000 26958  11   3 19.34  68.74 
28.36  560.94 1.83 -0.441 1050790.1649   0.2341 -2552.0221   
0.0133  45.5963   0.0234  0.02747  0.01305 1050790.3921   
0.3027 -2552.0257   0.9611  43.4336   1.9238 -2552.0222   
0.0133  45.5966   0.0234
2010 12 01 16 29 42.340000 26958  11   4 15.01  59.27 
30.20  562.35 1.82 -0.945 1008766.5640   0.4005 -1556.1663   
0.0232  51.8455   0.0446  0.02078  0.02797 1008766.6528   
0.5266 -1560.7982   2.0007  50.7002   4.4900 -1556.1661   
0.0232  51.8456   0.0446
2010 12 01 16 30 02.920000 26958  11   5 18.13  48.90 
31.19  563.27 1.83 -0.669  988000.5801   0.2679  -450.5843   
0.0162  55.2660   0.0314 -0.05332  0.01980  988000.3750   
0.3506  -450.6637   1.2691  58.0973   2.8754  -450.5845   
0.0162  55.2658   0.0314
2010 12 01 16 30 23.480000 26958  11   6 16.39  38.20 
31.18  564.63 1.83 -0.839  990422.4114   0.3382   684.5895   
0.0200  54.6663   0.0387 -0.07238  0.02492  990421.3396   
0.4334   685.6161   1.6021  67.6447   3.4449   684.5900   
0.0200  54.6644   0.0387
2010 12 01 16 30 44.060000 26958  11   7 14.98  27.97 
30.12  565.55 1.83 -0.936 1015866.1411   0.3771  1773.6701   
0.0231  50.7158   0.0428 -0.11447  0.02670 1015864.1738   
0.5073  1773.1210   1.7841  75.1603   4.1236  1773.6697   
0.0231  50.7133   0.0428
2010 12 01 16 31 04.780000 26958  11   8 15.16  18.56 
28.28  566.98 1.82 -0.838 1063045.3547   0.3617  2757.6274   
0.0221  44.1243   0.0381 -0.06548  0.02243 1063044.2769   
0.4528  2757.0373   1.6174  57.3357   3.3178  2757.6280   
0.0221  44.1225   0.0381
2010 12 01 16 31 24.400000 26958  11   9 16.04  10.53 
25.95  566.39 1.83 -0.653 1125194.9640   0.3202  3554.5758   
0.0186  37.0868   0.0282  0.05197  0.01443 1125194.1348   
0.4041  3558.4817   1.2080  44.9503   2.3821  3554.5745   
0.0186  37.0857   0.0282
2010 12 01 16 31 44.920000 26958  11  10 15.48   3.73 
23.38  566.95 1.83 -0.589 1205450.0175   0.3377  4242.7704   
0.0194  30.0650   0.0291  0.03129  0.01353 1205449.3700   
0.4469  4240.0681   1.1929  33.8478   2.2584  4242.7705   
0.0194  30.0640   0.0291

New high accuracy determination of 
range and range rate of satellites 

from EISCAT radar data 
taken during 2010 SSA CO-VI campaign

J Markkanen, EISCAT
T Nygren, University of Oulu

M Markkanen, Eigenor Company

Sixth European Conference on Space Debris, Darmstadt, 22 April 2013
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Original analysis 2010
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01−Dec−2010 16:30:02.900  leo−uhf  UHF<48.9/31.2> PROBA

MF  Tc=20 ms  Ch1  dR=150.0 m   <Tx=1.7  Ts=100>  T/N=37.81 dB 

R=988.057(0.053)  vD=−0.45158(0.00180)  d=53.6  RR=−0.42805  aD=55.15  aRR=NaN  aM=55.07
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New analysis: 1-sigma error of range

Ja Cr Ja Cr Ja Me Pr En Me Me Pr En Cr

Event number

σ
(R

V
.R

) 
(m

)

 

 

0 20 40 60 80 100 120 140 160
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

S
N

R
 (

d
B

)

0

5

10

15

20

25

30

�
R

(m
)

0.5 m

4/20



<

SNR (dB)

σ
(R

) 
(m

)

0 5 10 15 20 25 30 35 40 45 50
10

−2

10
−1

10
0

10
1

New: 1-sigma error in range v. SNR
�

R
(m

)

0.5 m

10 dB

5/20



<

SNR (dB)

σ
(V

r) 
(m

/s
)

0 5 10 15 20 25 30 35 40 45 50
10

−4

10
−3

10
−2

10
−1

10
0

New: 1-sigma error in range rate v. SNR
�

v D
(m

s�
1
)

3 cm/s

10 dB

6/20



<

1. Coarse initial estimates of R and VD for each 
pulse during a beam passage

ANALYSIS: Overview (1/2)

MF(R,�) =
1
M

�����
�

m

zm �(tm �
2R

c
) exp i�tm

�����

2

zm : Measured complex-valued signal samples

exp(i�t) : Doppler-factor

tm : Sampling times

�(t) : Transmitted phase code pattern (also measured)

M : Number of samples from a pulse

Maximize the Match Function (MF) via a grid search
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ANALYSIS: Overview (2/2)

2. Single-pulse analysis

3. Combined analysis

Error estimates �R and �V for each pulse

8/20

Standard theory gives error estimates for the fitted R(t0) and VD(t0)

Weighted least-squares fitting, using �2
R and �2

V as weights

Fit the single-pulse data to Taylor-polynomials of R(t) and VD(t)

R and VD estimated with high resolution from each pulse separately
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Data vector from a single 
20 ms transmission-reception cycle
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Im
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Sample number

Proba 1   (60 x 60 x 80 cm)

2 ms pulse, 1.5 MW, 930 MHz

1 µs sampling, ±500 kHz filter

SNR 19 dB
vD -2551.61 (±0.08) ms�1

R 1050 781.9 (±1.4) m
RCS 0.36 m2
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h(�) �
|
�

m zm exp i�tm|2

M

Doppler analysis of a single pulse (2/2)

Schuster periodogram
(power spectrum)

Doppler-frequency estimate

Posterior probability density

Doppler-freq error estimate
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p(�|z) � exp
h(�)
�2

noise

�� = arg maxh(�)

�2
� �

6
M � SNR� L2

Number of samples

Pulse length
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Range analysis of a single pulse

�

a

1

�1 0
0

Ideal pulse (can’t be
accurately timed)

Filtered pulse

Phase flip sample’s
measured amplitude (  ) gi
allows one to estimate
the time instant (  )
of the flip:

a

x tm

x

x = tm � f�1(a)

f(t)
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p(t)
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RX Event 3   IPP=199  SNR= 84.5
  vD= −2552.57 :   x= 8054.292   x1= 7094.279   x2= 9014.306   dL= 4.0 m

There are 10-21 flips per pulse
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Time of n’th TX-flip in UTC
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Each flip gives a Range and a Time

x(TX)
n x(RX)

n

UTC

rn

xn

Range

�(xn) � a few µs � 0
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rn =
c

2
(x(RX)

n � x(TX)
n )

xn =
1
2
(x(RX)

n + x(TX)
n )

�(rn) � c

2
� �(x(RX)

n )
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Event 3  IPP 199 SNR=84.5  t0=4491.113µs  r0=1050828.2 m  σ=5.32 (4.57) m  σR=1.54 (1.36) m

Weighted linear fit to the flip-wise rn, xn 
gives pulse-wise R and t, and an errorbar
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20101201 scan11 proba # 3   IPP analysis results

Combining pulse-wise R’s and V’s
by fitting 
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V = 3a(t � t0)2 + 2b(t � t0) + c

R = a(t � t0)3 + b(t � t0)2 + c(t � t0) + d
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R and VD fit residuals (good case)

3-� error
of data points

R = 1050 790.16± 0.23 mt0 = 2010-12-01 16:29:21.980000

Time - t0 (s)

Vr = �2552.022 ± 0.013 ms�1V̇r = 45.596 ±0.023 (ms�2)
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Vr = �450.584 ± 0.016 ms�1

R = 988 000.58± 0.27 mt0 = 2010-12-01 16:30:02.920000

Time - t0 (s)

V̇r = 55.266 ±0.031 (ms�2)
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Conclusion

• An improvement by two orders of magnitude in 
statistical accuracy (limited by SNR). For satellites:
•Error in range ~ 10 cm 
•Error in range rate ~ 1 cm s-1

• Serious systematic errors remain
•Site and antenna geometry not fully accounted for
•Signal model needs to be improved 

• Should be applicable to debris targets, but
•Coherent integration needed (==> computational problems,

     but work by J. Vierinen shows that these are manageable).
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