Pulsar Polarisation Measurement with the RTL SDR

Abstract

The RTL2832U DVB-T dongle used as a cheap software defined radio (SDR) has found many applications in radio astronomy. By running two or more dongles from the same stabilised oscillator it is possible to operate them to measure both amplitude and phase of pure-tone signals as a basis for interferometry or polarisation measurement. Problems with time synchronisation of multiple channels can be overcome. In this note, receiver implementations are discussed, the concept of instantaneous phase and polarisation extends the use to noise sources such as pulsars in radio astronomy.  

1. Polarisation Introduction

The polarization of a typical signal can be sensed by two orthogonally polarized, co-located antennas, from measurements of their relative signal strengths and the phase difference between the two antenna outputs. For example, for a fully polarised signal, if ev cos(ωt)  is the signal voltage received at the terminals of a vertically polarized antenna, eh cos(ωt+φ) is the signal received by a horizontally polarized antenna, where φ is the RF phase difference between the h and v components, Table 1 summarizes the expected normalized values for the various prime polarizations. 

Table 1 
Prime Polarization States

	Polarization State
	ev
	eh
	φ

	Vertical
	1
	0
	–

	Horizontal
	0
	1
	–

	+45
	1
	1
	0

	–45
	1
	1
	180

	Right-hand circular
	1
	1
	 90

	Left-hand circular
	1
	1
	-90


Intermediate polarisation states, such as rotated linear or circular ellipticity are possible and are described by various amplitude ratio and phase solutions.

1.1 Poincaré Sphere and Stokes Parameters1
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Polarization states are often represented graphically as a point on the surface of a sphere, termed the Poincaré sphere. The six prime polarizations are placed at orthogonal poles of a unit sphere. The Cartesian coordinates of a point on the sphere’s surface are called Stokes parameters (Table 2) and can be represented in terms of the orthogonal antenna measured values (or the polarization ellipse geometrical parameters – for the purposes of this note, measured values noted are sufficient). On the sphere surface, polarizations at each end of a diameter are orthogonal and termed cross-polarized. 

Figure 1 Poincaré sphere and Stokes parameters

Table 2 
Stokes Parameters

	Stokes Parameter
	Defining data
	Polarization Measures
	Comments

	g1, (Q)
	cos(2α)
	|eh2| - |ev2|
	Tendency to horizontal or vertical

	g2, (U)
	sin(2α) cos(φ)
	2 |eh| |ev| cos(φ)
	Tendency to ±45° linear

	g3, (V)
	sin(2α) sin(φ)
	2 |eh| |ev| sin(φ)
	Tendency to circular

	g0, (I)
	g0 = √(g12+g22+g32)=I 
	|eh2| + |ev2|
	Poincaré sphere, radius, normalised power


Notes: α = tan-1(ev/eh). Values normalised to g0. Q,U,V,I are the more usual convention in radio astronomy. 

The normalised polarisation measures produce values between 0 and 1 indicating the closeness to the relevant polarisation state. A similar table can be derived for orthogonal circularly polarised antenna fed receivers. 

In radio astronomy, the signals are invariably noise modulations but may have a significant polarisation orientation. Some sources, such as pulsars vary their polarisation with time, maybe dominantly rotating linear during illumination due to the emission generation mode or vary day-to-day due to Faraday rotation in the atmosphere or to scintillation processes in the signal path. For polarisation research much detail as described may be required, but for optimising detection, just choice of polarisation or orthogonal polarisation summing may be sufficient.

This notes investigates the signal-to-noise consequences of these choices.

General Polarisation Transmit/Receive Properties

1. Matched transmission and reception polarisations - no power loss

2. Crossed polarised transmission and receive - total power loss

3. Pure linear to circular in any combination - 3.01dB power loss.

4. General elliptic transmit and receive - zero to total power loss. For example, up to ±7° phase error or ±1dB axial ratio circular to opposite hand circular, power loss ~3±0.5dB.

5. Any receive polarisation detects half the power of an unpolarised source.

6. Partially polarised source, proportionally follow the above rules. 

1.2 Instantaneous Parameters

Data sampled by digital receivers such as RTL2832U are instantaneous in-phase and quadrature measures on a regular time frame. For a pure tone analogue signal, of the form 

v(t) =V exp(-jwt) = Vcos(wt)+jVsin(wt), the IQ digital vector outputs, in, qn can be identified with the cosine and sine components sampled at time tn, where V = √(in2+ qn2) and the instantaneous phase is, arctan(qn/in).

In radio astronomy, sources are not pure tones, but complex noise signals and can be  represented here as the sum of a large number of sinusoidal signals of random amplitude and phase αp or, 
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. Digital i,q samples of noise now represent the instantaneous vector components from which the noise instantaneous amplitude (√(in2+ qn2)) and phase (arctan(qn/in)) can be derived. Typically, the amplitude measures are averaged or downsampled to improve detection sensitivity of the source.

Applying this concept to polarisation measurement using two orthogonal antenna channels the instantaneous amplitude and phase difference measures can be used to derive instantaneous Stokes parameters to estimate the received signal polarisation. The instantaneous measures can of course be averaged to improve detection sensitivity and to sense the mean polarisation state. In the case of a completely unpolarised noise source, the Stokes I component describes the total received power and the Q, U and V components integrate to zero. In the case of a partially polarised source, providing the antennas are chosen to accept the dominant part, the ratio of the Stokes polarisation component to the total power indicates the amount of that polarised component proportion.

Instantaneous Stokes Parameters

If in1 , qn1 and in2 , qn2 represent the nth time instant IQ sample pairs of orthogonal linearly polarised channels respectively, then the Stokes parameters are calculated from,
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(For the mathematically minded, the U and V components are derived using the dot-product and cross-product vector rules respectively)

A measure of the channel phase difference φ is useful as it gives a measure of the phase mismatch of the receivers as well as polarisation ellipticity and is derived from,
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Knowledge of  φ  opens the possibility of polarisation calibration or matching a pair of cross-polarised receiver channels.
With a pair of circularly polarised RHC and LHC antenna channels, the Stokes parameters are modified to,


[image: image4.wmf](

)

(

)

(

)

(

)

2

2

2

2

2

1

2

1

2

R

2

L

2

1

2

1

2

1

2

1

2

2

2

2

2

1

2

1

2

R

2

L

|

e

|

 

 

|

e

|

2

sin

.

2

2

cos

.

2

|

e

|

 

 

|

e

|

n

n

n

n

n

n

n

n

R

L

n

n

n

n

R

L

n

n

n

n

q

i

q

i

V

i

q

q

i

e

e

U

q

q

i

i

e

e

Q

q

i

q

i

I

-

-

+

=

-

=

-

=

=

+

=

=

+

+

+

=

+

=

j

j


These instantaneous Stokes parameters as derived can be averaged to improve sensitivity visibility of the polarisation state.

2. Signal-to-Noise Ratio: Pulsar Detection

The detection process uses recorded complex IQ voltage sampled data collected at a chosen clock frequency fc over an RF bandwidth equal to B = fc. 

2.1 Case 1: Single Linear Polarisation Antenna/Receiver Channel 

For perfect antenna/receiver components, the properties of this arrangement are,

a. All matched antenna/source power is received.

b. For any pure circular polarisation, half the source power is received.

c. With slant or elliptical polarisation, power in each channel depends on the incoming polarisation orientation.

d. For unpolarised signals half the total power appears at the antenna terminal. 

We can first assume the pulsar source is unpolarised with total available power P and equivalent temperature Tp. A single receive antenna can only receive a power P/2.

The receiver input terminal noise voltage then is proportional to, 
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outside. Tp and Tsys1 are the effective pulsar and receiver system equivalent noise temperatures.

Squaring and summing the I and Q components (square-law detection), the result is DC components, 
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 in and out of the pulse respectively plus AC noise components, of similar magnitude, 
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To recover the DC pulse waveform from the high level AC noise, the technique is to synchronously add the pulses within the pulsar period. Synchronously summing N pulsar periods increases the DC voltage part by N and the AC term by 
[image: image12.wmf]N

.

Ignoring the DC level platform due to the system noise, the result is an improvement in pulsar signal-to-noise (voltage) ratio by 
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 or,
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This equation applies for unpolarised or perfectly circular polarisations. 

With perfectly matched source/antenna polarisation, the SNR is double this, but with any other elliptical/slant polarisation the denominator factor can range from 2 to infinity depending on the polarisation angle with respect to the chosen antenna.

2.2 Case 2: Dual-Linear Polarised Antenna Channels

Consider now a pair of identical matched receiver channels, one fed from a horizontal and the other from a vertically polarised antenna.

For perfect antenna/receiver components, the properties of this arrangement are,

e. All matched vertical or horizontal power appears at the relevant port with zero at the opposite port.

f. For any circular polarisation, half/equal powers appear in the two channels.

g. With slant or elliptical polarisation, power in each channel depends on the incoming polarisation orientation.

h. For unpolarised signals half/equal powers appear at each output port. 

For an unpolarised or perfectly circularly polarised source, each receiver input terminal noise voltage is proportional again to, 
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 within the pulsar pulse and 
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outside. Tp and Tsysx are the effective pulsar  and cross-polar receiver system equivalent noise temperatures.

Again squaring and summing the I and Q components, the result is DC components, 
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 in and out of the pulse respectively plus AC noise components, of similar magnitude, 
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Combining the two receiver sets of folded data, the DC parts add directly and the AC parts by the square root.

The result of using the two receiver channels is an improvement in pulsar (voltage) signal-to-noise of 
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assuming both channels have similar receiver characteristics.

This result applies to all intermediate polarisations since all the source polarised power is intercepted by one or other of the cross-polarised feed antennas. The power contributions of the two channels may vary depending on the source antenna polarisation match.

2.3 Case 3: Dual-polarised, Synthesised or Real Circular Antenna Channels

A circularly polarised receiving antenna can be synthesised using two identical linearly polarised antennas and a 90° 3dB coupler as shown in Figure 2. The arrangement is reciprocal in that inputting a signal in the relevant coupler port, transmits RHC or LHC accordingly. 
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Figure 2 Synthesising a dual circularly polarised receiving antenna

For perfect components, the properties of a synthesised circularly polarised pair is equivalent to a pair of standard LHC/RH circularly polarised antennas. Practically there may be some coupler loss and phase adjustment needed to take into account in the synthesized version.

a. All matched RHC or LHC power appears at the relevant port with zero at the opposite port.

b. For any linear polarisation, half/equal powers appear at the two coupler output ports.

c. With elliptical polarisation, predominantly RHC polarisation appears at the RHC port and predominantly LHC polarisation appears at the LHC port.

d. For unpolarised signals half/equal powers appear at each output port. 

The analysis is the same a for Case 2, with the result,


[image: image24.wmf](

)

sys

p

sysx

sysc

p

p

v

T

T

N

T

T

T

T

N

SNR

2

~

2

/

2

/

2

2

+

+

=

  

Each channel separately produces the same SNR result as Case 1.
2.4 Observations

The two-channel polarised receiver system provides a 
[image: image25.wmf]2

 improvement in detection signal-to-noise ratio over that of a single polarisation example, but with phase calibration, allows the dominant source polarisation, if present, to be identified from evaluating the Stokes parameters.

The 3dB 90° coupler to convert linear to circular, as shown in Figure 2, is not essential and for a digital system can be implemented by digital vector rotation and summing.
2.5 Receiver Architectures

2.5.1 Basic Dual-polarisation Receive System
Figure 3 shows a basic dual-linear polarisation receiver using frequency locked RTL SDRs2,3. If the channel gains are matched, folding and summing the detected signals gives a measure of the total power intercepted from the pulsar, irrespective of the pulsar instantaneous polarisation. 

For any source polarisation, the SNR improvement factor over a single channel is
[image: image26.wmf]2

.

[image: image28.emf]+45 ( g 1 ,g 2 ,g 3 ) RHC LHC V H -45 2 α φ g0 g3 g2 g1


Figure 3 Basic Dual-Polarisation Receiver
Prior to folding it is necessary to ensure the file data timing is synchronised. This can be achieved by modulating the gain in the two channels simultaneously by amplifier gain switching or switched noise injection and then cross-correlating the raw data.

2.5.2 Gain and Phase tracked Dual Polarisation Receive System

Figure 4 shows a correlation receiver-based amplifier chain permitting phase tracking so allowing all the Stokes parameters to be calculated and so the pulsar prime polarisation state to be determined. 

The receiver architecture uses 90º 3dB couplers to equalise the two signal paths; in the figure, the complex maths symbol ‘j’ represents 90º phase shift and ‘j2’ 180º or signal negation ( since, j2= -1).







Figure 4 Polarisation Receiver based on the Correlation Receiver

The output signal components simplify to a(g1-g2)/2 + jb(g1+g2)/2, and ja(g1+g2)/2 + b(g2-g1)/2, so if g1 = g2 or very close, the difference terms can be neglected. This shows that the signal ‘v’ appears at the lower output port, amplified by the sum of the two amplifier gains with a 90º phase shift and the ‘h’ signal exits the upper output port similarly phase shifted. 

This arrangement ensures that, apart from the pre-amplifiers, both signal paths traverse both amplifiers ensuring channel phase and amplitude tracking. 

Since the pre-amps are outside this loop, they should be gain and phase tracked or alternatively, pre-calibrated.

The couplers can be replaced with 180º versions; there are similar error components should the amplifier gains be unequal. 
The critical requirement of this polarisation analysis system is for  phase stability and phase calibration. The SDRs can be locked to the same crystal to ensure coherency. Timing synchronisation and phase calibration can be accomplished by switching a known signal to a probe on the dual antenna. 

Once data has been recorded and time-synchronised, the Stokes parameters can be derived, averaged, folded and measured to analyse the target polarisation.

Alternatively, the time-synchronised raw data can be phase shifted and combined to simulate a 3dB, 90º coupler to produce circularly polarised data sets and the Stokes analysis repeated.

2.5.3 Software4
Data recording: rtl_sdr22
De-dispersion: de-dispers22co
Data time correlation: cor_tim2
File trimming: f_align2, filetrim
Vector rotation: rot_vec
Stokes parameters: to be written..,

Folding: rapulsar2
3. Conclusions

This note presents a basic introduction to antenna polarisation to evaluate the detection characteristics of a receiver system fed from either a single antenna or twin cross-polarised antennas.

To detect unpolarised radiation, there are no constraints on a single receive antenna polarisation, but only half the radiated power is intercepted and maximum SNR is proportional to Tp/2Tsys.  

If the source contains significant linear or circular polarisation, it is possible to improve on this by matching the receive antenna polarisation. Due to the variablility of Faraday rotation, this may not be possible and to ensure source detectability, it is better to select the orthogonal polarisation (linear source, circular antenna); always intercepting half of the source power.

All source power is detected by a dual cross-polarised antenna receiver system raising the detected SNR to Tp/√2Tsys 

Raw data collected with an RTL SDR from a pair of cross-polarised antennas can be configured to simulate any pair of orthogonal types. For example, data collected by a VH real antenna pair can be software-modified to simulate a RHC, LHC pair or any intermediate states desired. 

Stokes parameters can be analysed with a dual cross-polarised system and if there is a significant polarisation state dominant, it should be possible to identify the optimum receive polarisation to further improve the detected SNR.

4. References

1. Antenna Polarisation Coupling, P W East, http://www.y1pwe.co.uk/RAProgs/ANTENNA POLARISATION COUPLING.doc
2. Improving Frequency Stability of the RTL2832U SDR for dual-Channel H-line Receivers or Interferometry, P W East, May 2015 http://www.y1pwe.co.uk/RAProgs/FrequencyStabilityU2.doc
3. Quad RTL Receiver. P W East, June 2016 http://www.y1pwe.co.uk/RAProgs/QuadRTLReceiver.doc
4. RTL SDR RA Data Processing Tools, P W East, March 2017. http://www.y1pwe.co.uk/RAProgs/RTLSoftwareToolsU4-6.doc
Peter W East. Issue 1. May  2017

(jh+v)g2/√2





v





jh(g1+g2)/2 





3dB


Coupler





g1





g2





(h+jv)g1/√2





h





jv(g1+g2)/2





� EMBED Word.Picture.8  ���





3dB


Coupler


























v





h





SDR1





SDR2





File


Store





Dual


Polarised


Yagi





Pre-amplifiers





Pre-amplifiers





Dual


Polarised


Yagi





File


Store





SDR2





SDR1





h





v





g1





g2











v








h

















4
7

_1556517459.unknown

_1556549708.unknown

_1556796718.unknown

_1556798172.unknown

_1556798207.unknown

_1556549709.unknown

_1556777707.unknown

_1556549706.unknown

_1556549707.unknown

_1556549704.unknown

_1556549705.unknown

_1556549598.unknown

_1556018280.unknown

_1556214291.unknown

_1556214410.unknown

_1556214781.unknown

_1556214389.unknown

_1556018314.unknown

_1556018339.unknown

_1494327214.unknown

_1556017291.unknown

_1550065712.doc


e







v







e







h







2







je







e







h







v















    RHC































2







je







e







v







h















    LHC







90° 3dB







Coupler












_1493795704.unknown

