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for more info

Repetition from
last week:
Heterodyne Receivers




Step 1: Down-convert the Frequency
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Step 2: Use a non-linear Mixer
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Step 3: Use a fast IF Amplifier
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Need fast amplifiers: Best performance with high electron mobility transistors
(HEMTs) on GaAs or InP up to ~ 10! Hz.

Step 4: The Detector delivers the Signal

laser
[ photons

local oscillator

P -
—

—

signal photons combined
- —
beam photomixer
splitter mixer
. diplexer
IF
detector amplifier
| el Ml '
2 L AOVUVVIUUROUCOO POVUVUVUUUMURAL . output

The detector rectifies the signal and sends it through a low-pass
filter. Hence it converts the signal to a s/owly varying output




Note 1: We get two Sidebands |

Unfortunately, from the measured IF signal one cannot tell whether the
signal frequency wg is slightly lower or higher than w .

Hence, one assumes that the signal contains two components of equal
strength, one at w  + Wi, and one at w5 - wer
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Note 2: The Bandwidth
The bandwidth is the range of frequencies [Hz] 0dR
that can be processed or detected by a / N\
given system. -3dB
Af = .m_.__uvmn - .m_os\mq. /
. refers to the -3dB point (1//2) \ B f
c c / i
Note that: V = M —df = M&\w i e fu

The bandwidth A (even of the best photodiode mixers) is usually
small compared to the signal frequency - a fraction of a percent to a
few percents.

Heterodyne receivers operating at short wavelengths have poor S/N on
continuum sources but are good for line detections at high spectral
resolution.




Note 3: Throughput
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The signal beam strikes the mixer in a range
of angles relative to the LO / laser beam, and
the conditions for interference limit the

maximum angular displacement.

signal
wavefront

Since the LO / laser field is polarized only one polarization

component of the source can interfere and produce a signal.

Heterodyne receivers are single-mode detectors.

The 'Etendue’ A(2 limits the beam that can be accepted by a
telescope of diameter D. A coherent receiver should operate at the

diffraction limit of the telescope.
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S/N and Fundamental Limits (1)

Two types of noise:
1. Noise independent of the LO-generated current I,
2. Noise that depends on I,

Component 1. can be eliminated using sufficient LO power, but 2.
contains the fundamental noise limits for heterodyne receivers.

The fundamental noise can be subdivided into:

A. Noise in the mixer from the generation of charge carriers by the
LO power.

B. Noise from the thermal background detected by the system.

Assumptions: I 5 » I and I, » Iy, where I is the signal from the
background.

S/N and Fundamental Limits (2)

Remember, the photocurrent in a photoconductor is:
1() nqGP(t v
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Hence, the current generated by the LO in a photoconductive mixer
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From the discussion of photo-conductors we know that the generation-
recombination noise is:
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To account for the fact that photodiodes have no recombination noise,
we parametrize:
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with a = 2 for a photoconductor, a =1 for a photodiode mixer.




S/N and Fundamental Limits (3)

Last week we have seen that the IF current has a mean-square
amplitude of: (I7,) =21,

Analogously we define the noise in the thermal background as:

ANMV =21,,1,
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From radiometry we know that double
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the background power is: P, HM? (e, T, KD@D&LSSZQ

S/N and Fundamental Limits (4)

Hence the noise current from the thermal background can be
calculated as:
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S/N and Fundamental Limits (5)

Now we want to see how <I?; > and <I%p> affect the (S/N) ratio of the
receiver. Since the output power goes as as I? the S/N at the IF
output is:

th — Aﬁnv _ 2,515 _
N IF ANMLNV + ANMV NQQNQQNwSDNE + AQNQNQNMWSD%E
hv \:\?i:& |:
@QHNS\:\ ;PG NUMNNQQ
Mo 21,01 4 hv _
a 4qnGél, ,Af : 2gnGeNf,.
2aal Iqﬂ + L LOTVIF AF. + IF
aql o5y Am\:iﬁ iHv aqlf Ami\:ﬁ IZ
_ np;
a 2ne
hVAf *HQ+ oy IL

S/N and Fundamental Limits (6)

The S/N at the IF output has two limiting cases:
1. The "quantum limit" when 6-R noise from the LO power dominates
2. The “thermal limit" when noise from the background emission

dominates
The dividing point between these cases is where both terms in
nPs
p e are equally large:
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Hence one simplifies: If hv» kT, > quantum limit

If hv« kT, > thermal limit




S/N and Fundamental Limits (7)

Now we need to include the detector stage (which rectifies and
smoothes the IF signal) in our (S/N) estimates.

Generally: (S/N) ~ Jt,,.
Smoothing: (S/N) ~ [{effective t,, of the IF / t,,, of the smoothing circuit}
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We convert the integration times to frequency bandwidths. Note that:
1

20f, for the uniformly sampled IF stage, and
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for a system with exponential response, like a

single-stage RC circuit

S/N and Fundamental Limits (8)

Remember, the noise equivalent power (NEP) is the signal that can be
detected at (S/N)~1 in unity frequency bandwidth Af.

The NEP in the quantum limit is:
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S/N and Fundamental Limits (9)

Similarly, the NEP in the thermal limit is:
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Noise Temperature (1)

Our goal: to compare the theoretical performance of heterodyne
detectors with that of incoherent receivers (e.g. bolometers).

So far: NEP, o< 2Af,. implies that the NEP decreases (i.e., the S/N
increases) when narrowing down the bandwidth!

However, this is only correct if all power falls within an interval,
which is smaller than Afi¢

This is given for narrow emission lines but not for continuum sources.

Solution: we introduce the noise temperature Ty defined such that a
matched blackbodly at the receiver input at a temperature Ty
produces a S/N = 1.

Obviously, the lower T the better the S/N.

Noise Temperature (2)

Now we want to estimate the noise femperature in the thermal limit.
If the BB emissivity € = 1 then Ty = T,.
If the BB emissivity € <1 then (...):

_hy 1

= Inle—1+€"" )-Ine

Similarly, the noise temperature in the quantum limit (double sideband)
is:
ideal case
Ty = SNQ G- w|_\
kin| 14227 7
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Antenna Temperature

Just like the noise temperature describes the strength of the noise
background (S/N=1) we can assign the source flux an antenna
temperature Ts.

In the Rayleigh-Jeans approximation (hv« kT) we can write:

Rayleigh 5 AQ=12 Hm
JeansBB N \AN.W;\ v
P =1L, AHA VN»DD\. Fo= G|m AQAf = 201 kT

where 2Af; is the frequency bandpass for a double sideband
receiver,

Hence, in the R-J case, the antenna temperature is linearly related

to the input flux density: P, ~ Ty

Noise Temperature (3)

The concept of noise temperatures offers a convenient means to
quantify the LO-independent components, such as amplifier noise.

The amplifier noise is usually Johnson noise (see earlier lectures)
and is: ANMV _ KT Ay
R

A
where R, and T, are the amplifier input resistance and noise
temperature.

hy
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For an amplifier operating at 32 6GHz T~ 1.5K. For a good HEMT
amplifier T, ~ 10K.

The lower limit for the noise temperature is given by T, =




Noise Temperature (4)

Let's assume that:
* the amplifier noise is dominating the LO-independent noise types
* we operate in the quantum limit: Aﬂv —0

What is the (minimum) LO power, corresponding to the quantum limit?
2aq°nG*P, Af 4KT, Af
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Losses and Gains (1)

However, the above equation is not quite correct as we need to
account for losses C in transferring the output of the mixer to the

lifier:
amplifier KT, Chv

Po>— >
q NR,aG

The system noise temperature Ty, contains contributions from the
mixer Ty, the amplifier T,, the thermal background Ty, and other
sources.

However, not all components do fully contribute to the total system
temperature T\, as noise can also suffer losses. The total is:

Ty =Ty + 6T, + 86T+

Losses and Gains (2)

Example: Consider the loss between mixer and first amplifier stage
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Remember: the conversion gain is: T'=

deliverable IF signal power ﬁ nq
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The loss T is the inverse of the conversion gain Icg:
1 P,
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where P is the (single sideband) signal power and Py the IF power
from the mixer.

The conversion loss is usually expressed in decibels (db)*:

P,
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