“Tracing the Signal”: Heterodyne
Techniques and IF Systems in Radio
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Tracing the signal --- Optics of the GBT
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GBT Telescope Optics

» 110 m x 100 m of a 208 m parent paraboloid
» Effective diameter: 100 m
« Off axis - Clear/Unblocked Aperture

208 m parent (virtual) parabola
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Gregorian Focus: 8-




Rotating Turret with 8 receiver bays




Radio Heterodyne Methods

Heterodyne radio receivers use the wave-like
properties of the radio electromagnetic radiation by

measuring both the amplitude and phase of the signal

(“coherent”). This is different than most other
astronomical techniques that treat incoming radiation
as photons ("incoherent”), e.g., mm/sub-mm
bolometers, IR Si/Ge detectors, optical/NIR CCDs,
and X-ray and Gamma-ray detectors.

®* Hetero — “different”, dyn — “power” (Greek roots)

®* Combine (“mix”) the signal of interest, with a
second, precise frequency (the “local oscillator
(LO)” to produce an output at a new frequency
(the “intermediate frequency (IF)”)

Ideal Mixer
(Multiplier)

Input Output
Signal ’ I Signal

Local
Oscillator

Electromagnetic Waves

Linear

()

polarization

Electric Speed of light
Ereguieiicy = Wavelength

Direction

field of travel

vibration

Above only shows
one polarization
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Stages in (Heterodyne) Detection /

Analysis

« Gather the radiation Antenna
« Convert the signal from free-space to electrical (feed horn)
« Amplify the signal (low noise amplifier — LNA)

« Mix the signal, or convert to a different frequency —

Frontend
Receiver

* Transmit the signal to the "backend” | F. (Intermediate Frequency) System

* Analyze the signal in the backend  Bsckend
Spectrometer

ﬁ\ GREEN BANK
\OBS)ERVATURY



Parts of the system

Rx cabin Jansky Lab
/ 2km fibe/
Cold ||| Warm IF. | A IF.
Feed| Electr {{{ Electr Electr- Electr- Spectrometer
-onics ||| -onics onics onics
7
Receiver 1= Backend

Frontend
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Instrumentation Chain

Receiver

Receiver

HE>

1150 - 1750 MHz 2600 - 3400 MBK:

Local LO1 Backend

©

L TN /\/
Converter Module P !

L P\ 50-
M\ P00 Mg
BPF ." N I{>F 485 MHz BPF 3 Spectrometer

8500 - 10350 MHz ‘

. 10500 - 10500 MHz /| MHz
118500 MHz L 500
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IF System

» “IF” — intermediate frequency

 The |IF system is the part of the system
that connects the “Front-end” (Receivers)
with the "Back-end” (spectrometer/signal

processors)
= Allows the connection of receivers

covering wide-range of different frequencies
to the same backend hardware




Typical Components in

System Block Diagrams: Multpiiers

_[>_ Amplifiers

—?— Mixers

—\/\/(/\,— Attenuators
| 26.125 5

CMA1 Atten(dB)

RF power\)

os7 | Power Detectors

|

Synthesizers

o

J5: S .
‘ B Spara Splitters
.JS: ConverterFilter1:J1

lJ?: ConverterRadct1
.JS: Spare

— Couplers

Filters

HIGH—— ...
,,/’""“1_ Switches
LOW —— =




Types of Filters

Band Pass Filter Low Pass Filter High Pass Filter Notch Filter
1.0 10 1.0 0 1.0
=

<
S © ©

0 0 0 0

Frequency Frequenc
Frequency ! y Frequency

Edges are smoother than illustrated
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Types of Mixers

* n and m are positive or negative
integers, usually 1 or -1

* Up Conversion : fg > f
* Down Conversion : fg <f

8 " us « Lower Side Band : f o > f
R T - Sense of frequency flips
i Oy, -  Upper Side Band : fi 5 < f




Example "Down Conversion™ Mixing

RF RF
(LSB) (USB)
xx*xx : X5 e
fro—fir  fio fio+fir 7
USB LSB
cosf, cosf =2 (Cos(fw + fip) +cos(f,— f]p))

USB=LO +IF
f=frequency LSB=LO -IF
2nf=w | 1t c @z’ . ‘ !

dropping 2nt "'c‘:fs(&‘;jrf,'li))*‘ ; cos o

Cos fir
v(t) =A, cos (a)t+¢) IF signal includes both lower (LSB) and
o upper (USB) side-bands. For typical

: single-side band (SSB) systems, the
COS (@, 1) cos (w,t)= B} COS (@~ )1+ 5 cos(w,+@u)t  image side band is rejected, while
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Mixer Examples/Side-band Rejection

[ Mixer

(E i) I
RF HYb 900 ;

Mixer

-
0
—

RF IF

%

I )

LO

(a) A single sideband mixer.

(a) Simple mixer where LSB is
filtered with high-pass filter

ﬁ Q Mixer

BYYVes
i@

LO

(b) A double sideband I /() mixer.

(b) I=in phase, Q=quadrature phase
I/Q mixer can be used for sideband
rejection. Only Argus on the GBT
uses this method.
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Receiver Room (on telescope)

In addition to the installed receivers, room includes LO, IFRack, MM-converters, and conversion
to optical-fibers.
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GBT Local Oscillator and Switching Matrix

lml 0 ~[57 LO also used for:
2A: Unk I AN . .
] s Ll  Correcting for source velocity
Zeuw [1s10 _ | « wrt a chosen frame of rest
1B: L01B| _ = 1: Prime Focus 1A I —l| . .
L2145 173 6Hz | | e Heliocentric
Commanded S5 | 3:395-585 6Hz | — | o
| 1430000000 | [ H 4 spare | =] LSR
B| 123ac6788 | | 5:12.0- 154 6Hz_|| — | « (Galactocentric
|| 6:18.0-220 6Hz || — | . TOpOCGntriC
52 |_ Tian 2o [ =] * And chosen approximation
AR 2z30m [ — of Doppler shift
sl S6 [ 3:80-1006Hz || — | . R d
ﬂ : 4 Spare I — | a .IO
: _f 5: Spare : —] * Optical
N — - G: Spare el . N .
Revr LO Input : « Frequency Switching (optional
N — i = tactic for removal of instrumental
M 2:220-2656Hz || — |  2: Spare J| —| bandpass)
S8 H 3: LODistribution || — | 87 | 3: spare | =] .
| 2 spare =] [ 2 spare =] » Doppler Tracking for Earth
| EEER | =] | SRR =l rotation and revolution
. G: Spare l — | ~- G: Spare I —

ﬁ\ GREEN BANK
\OBS)ERVATURY



MM Converter (used by 4mm and Ka-band)

File Managers SamplerRates Help

Power Supplies

I RcwrBd_9¢2 I— —  2-8 GHz +15Y 15.166 | -15V -15.186
+9Y 5.010 | +28Y 28.022
I__ __ Temperatures
IEcenter=6GH [ 6708 | [ 7080 |
= 1 -6.709 Z -7.090
I Unk — — 1320 GHz |———X)

Channel Status
IUnk = L 19-26 GHz |—— A 0 B o

LO C 0 D 0
-0.015

N
[

|

Converter1 Converter2 Converter3 Converterd ™ LO1 B
state [ Reay | ey || Reay | ey |
Subsyst
| W I w = [ w |
Status |Warning State |Standby fulalr 19:07:47 Locked W Auto Prepare  Prepare ” Quit |

Example: 4mm/Rcvr68 92:

Observing 89.0 GHz = RF in USB.

LO1A=66GHz (4x16.5GHz), IF1=23 GHz input to Mmcoverter filter FL4
subband (19-26GHz). LO1B=RF-66GHz -6GHz= 17GHz to produce output IF
centered on 6 GHz that goes to the IFrack.
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IF-Rack (8 channels)

Fle Managers Help |

$182 - OD1&2 Iss&4 - OD3&4 ] S5&6 - OD5&6 ] S7&8 - OD74&8 ] General]

[>—O =

RF Power | 0.01 WiF

Optical Driver 1
Atten{dB)

DCR:_1

Filter |1 Bal Enabled |
Optical Receiver1

1 _ 25 |
|
2: R1_2XL:1 2360-3640 MHz | Targetlevel | 1 || — g
|
‘l Auto Lv Ctrl]  Laser Pwr [RERAN State
L’ o System Select

Atten{dB)

—__ GREEN BANK
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W Auto Lvi Ctrl] Laser Pwr [BAN

S9
82 0
13: R8_10XL:1 .
=

State

Moare... | I System Select

2960-3040 MHz | i Bal Enabled | f——--O ®
Filter Target Level 1 Optical Receiver2
DCR:A_2
RF Power 0.01 VIF
Optical Driver 2 D O u

AutoPrepare s Tum On ”
Locked |' OFrepare  prepare A A Balance I Quit |
Status |Warning State |Running malr 19:08:25

o
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Equipment Room (Jy-Lab

Analog
Converter Racks Filter rack

vr—v ™y ey
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Converter Rack (16 channels

Hle Managers SamplerRates Help

Rack A |Rack B] All Modulesl All Synthesizersl Power Supplies]
CM1&5 - GM1 ICMZ&G - GMZ ] CM3&7 - GM3 I CM4&35 - GM4 I
| ¥ CM1 Select|  State [ Running J|| CM1 Output
CM1 Input AfpowertV) [ miPass | ——|Ju3: SamplerFiter1 31
(& Ophovr] | | 045 | L[ gciogH | —J4: ViBA DARC
[~ oonovz e S : _I & AiPass | IU3:VEGAS I
= | 00 (=] [ LPFS50 MHe| __ us: spore
bt o =
l 5875 A — [|6: ConverterFilter1:J1
[v = I G1 el = '—|J?’ Converter Rack:J1
™ CM1 Atten{dB) : :
State |Bunning | — |s: spare
e 5| 4
( 4 | Level (@Bm) 103 10.5 GHs — |8 spare
CM5 Input Freq (MHz) ,TO%’ CMS Atten(dB) _=j;: Eonver:er::cki’;l?J 1
* CMS Output L JU6: ConverterFilterS:
’ OpRcyvr3 | - - IT?S%J utpu -
[ OpRevrd | : - LPF 550 MHz 1vs: spare
EES
' Unk ] _| > MPss | e vecas IR
~ 0.5-1.0 GHz | . .
Unk J4: vLBA_DAR:A
= I | ¥ CMS Select]  State | Running ﬂl [ o MIPass | 3 SamplerFitterS:J1
RFpower ()
Rack &/B Switch | &
Locked W AutoPrepare Prepare Status |c|ear State |Running fmfafr  19:08:00 Quit
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Analog Filter Rack (used with GUPPI
and old Spectrometer)

File Managers SamplerRates Help

100 MHz Converters 1.6 GHz Samplers IPower Supplies]
Samplers SG1-5] Samplers SGZ-B] Samplers 5G3-7  Samplers SG4-8 lml Samplers ]
SlELL I SGFilter
B SG4Select |v 1: ConverterModuled l m GUPPI_XL:0
v 0.8-1. -
|0 2: Converter Modlule12 | 4 0.8-1.0 GHz i
State | |
~ 3: Empty l o Spare | W/F Converter
Runnini [— P T
9 IV 4 Empty | ~ External [ i =
SGPower (W) DCR:A 12
Soxput SGFilter
o 5GESelect IV 1: ConverterModuled I [m GUPPI_¥R:0
v 08-1. -
|0 2: Converter Modlule16 | 4 08-1.0 GHz s
State | |
~ 3: Empty ] ~ Spare | W/F Correrter
Running ‘i T
Furning | IV 4: Empty | ~ External 2.55 =
SGPower (W) DCR:A 16
Locked W AutoPrepare Prepare Status IWarning State |Running Jm)alr 190814 Quit

—__GREEN BANK
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Power Balancing/Leveling

Key point: Need all parts of the IF system to be linear
e.g., when observing on the GBT confirm levels after the “Balance” at the |Frack after
receiver, the Converter Modules (before VEGAS), and the VEGAS levels.

Saturation

Gain

Compression
Gain
Expansion

Power Out
Power Out

Linear

Optunum Input

/ Power Level

-
6-10 dB

Power In Power In




Tracing the Signal:
Example Argus on the GBT (page 1)

Goal: Observe HCN/HCO+ at 89 GHz in LSB.

______ Cojpstat . . .
] uE |
| LNA module (20 K) r———7—1 H Warm IF
e U 51 IR=1525GHz— ————————— &
| reco | | & N I : ~ T . _{ IF1=1.525 GHz
RF=sd. T >-D>RF & 117 RSB o e
GHz | : HEMT HEMT adn- ! | | O \/\—[ B
(LSB) | Amp Amp | I : | _LS'B_ ________
Ima | : LO=90.52 Y | | | e mm-wavelO
(Usgi :_____C_;I_-I_Z ______ _l__} Il 4r°‘”5: | ;_ IM—on_ ——————— —i —i
92. 05| : :>=—:’-<]—4 = : YIG filter : | e
| | — 2
2 PrSaeaEEgE<g-8
‘ L —————————— L—__—__—JI !___________l—_——_——_——_——_—}____l e
16 Argus channels=»16 copies of the input LO  Yig-filter for clean LO Input LO1a
Figure 1: Schematic block diagram of Argus’ signal path for a single receiver. IS1I;(2’>/185625
GHz

Argus has 16 beams/channels. 8 channels go to IF

rack after the instrument and are then transmitted to

the equipment room via optical fibers and 8 channels
go directly to fibers from the instrument.
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Tracing the Signal, Argus (page 2)

After transmission from the GBT

to the Jy-lab equipment room, Output to
signal converted from optical- VEGAS;
fiber back to co-ax usable
bandwidth
Ch1 Output 0.15-1.4 GHz
IF1=1.525 ‘ R poswes’y) |VAIT — U3 SamplerFiltert=)1

. os7 | « 0510 GHz | — 4 VLBA_DAR:C
GHzewt input IF2=9.75 GHz IF3=0.75 GHz ﬁ—m urk

|+ OpRawt | ) Y 1
I ) OHEE [ o o0 5. spare

v OprQ
[ | 26.125 ;,1 — lUs: ConvererFilter1:J1
LO2=11.275 CM1 Atten(dB) _:‘": Gonvasberfacicl]
. — lJs: Spare
GHZ. @ Level (dBm) I = 6) 1020313 Elxed Lo rt _lJs: spare
LO2 is tuneable I own conve B ConverteiRacks
— chonverern acd,
Up convert Freq (MHz) | 11155 3| CMS Atten(dB) _
CMS Output —lJB: ConverterFilterS:J1
CMS Input ,W
= 4 LPF 550 MHz| ——Ju5: Spare

8.5-10.35 GHs
All P
s s | Buo: unk

v 0510CGHz | g4 viBA_DAR:A
s All Pass —U3: SamplerFilter5:J1

4 OpRowi3
~ OpRcvrd

0.49 |

RF powe\)

ﬁ GREEN BANK @ “@t
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Tracing the Signal Quiz

An observer wants to use the L-band Receiver to measure HI (1420 MHz) using the
narrowest possible output bandwidth of VEGAS (11.72 MHz) to minimize the effects of
RFI. For an input sky frequency (RF) of 1420 MHz, what is the required LO1 frequency,
the center output IF1 frequency, and the appropriate choice of filters for the observations
based on the block diagram below?

........................

ESETyer LSB Mixer IF Rack
RF=1 42:0 BPF 1 BPF2 [ |[F1=?
MHz i s i

§ 1150 - 1750 MHz 2600 - 3400 MHz! § . Options

; : . +3000 MHz

BPF 2 options:

. ] * All Pass
s on Lol @ | LO1=? - 2990 — 3010 MHz
6-1 ' ' - 2960 — 3040 MHz

1.6~ 1.75 GHz 1000 10,000 Mz | - 2840 - 3160 MHz
*1.3-1.45 GHz « 2360 — 3640 MH
*1.1-1.45 GHz _ ;

* 5960 — 6040 MHz
* 5840 - 6160 MHz
* 5360 — 6640 MHz

ﬁ\ GREEN BANK
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Answers (BPF 1)

2 1.3-1.45 GHz which is the smallest bandwidth allowing
the 1420 MHz signal to pass through

________________________

5 Receiver . IF Rack |
RF=1420 BPF 1 mE2 [ — IF1=?
MHz | i §
: 1150 - 1750 MHz 2600 - 3400 MHz| g . Options
; ; . +3000 MHz
crr e i +6000 MHz
e @ LO1=? BPF 2 options:
: : * All Pass
BPF 1 options: { 1000 - 10,000 MHz ! .
-1.1-1.8 GHz ea BOREL R . 2990 - 3010 MHz
* 2960 — 3040 MHz
*1.6 - 1.75 GHz
* 2840 - 3160 MHz
*1.3 -1.45 GHz - 2360 — 3640 MHz
*1.1-1.45GHz *+ 5960 — 6040 MHz

* 5840 - 6160 MHz
* 5360 — 6640 MHz

ﬁ\ GREEN BANK
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Answers (BPF 2)

2> 2990 — 3010 MHz which is the smallest bandwidth
associated with the 3000 MHz ampilifier in front of the filter.
The GBT IF Rack filters are centered around either 3000
MHz or 6000 MHz.

........................

§ Receiver . IF Rack
RF=1 42:0 BPF 1 BPF 2 —— IF1=?
§ 1150 - 1750 MHz 2600 - 3400 MHz| g . Options
| ; . +3000 MHz
I . +6000 MHz
: : BPF 2 options:
BPF 1 options: 101 (M) * All Pass
+1.1-1.8 GHz . LO1=? 2990 — 3010 MHz
*1.6 —1.75 GHz : 1000 - 10,000 MHz * 2960 — 3040 MHz
1.3 -1.45 GHz e | * 2840 — 3160 MHz

* 2360 — 3640 MHz
* 5960 — 6040 MHz
* 5840 - 6160 MHz
* 5360 — 6640 MHz

*1.1-1.45 GHz

ﬁ\ GREEN BANK
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Answers (IF1)

= The optimal IF1 frequency is 3000 MHz which is compatible with the IF
amplifier of the L-band receiver and the IF Rack bandpass filter.

________________________

Recewver | s mixer | IFRack |
II\?/"F_I=z1 42(>_I> BPF 1 —®—|> BPF 2 — IF1=?
i 1150 - 1750 MHz 2600 - 3400 MHz Options
__________________________________________________ * 6000 MHz
. LO1 @ LO1=2 BPF 2 options:
BPF 1 options: 1000 - 10,000 MHz . *All Pass
*1.1 -1.8 GHz ool B St S R e = *2990 — 3010 MHz
1.6 -1.75 GHz * 2960 — 3040 MHz
1.3 - 1.45 GHz - 2840 — 3160 MHz

* 2360 — 3640 MHz
* 5960 — 6040 MHz
* 5840 - 6160 MHz
* 5360 — 6640 MHz

*1.1-1.45 GHz

ﬁ\ GREEN BANK
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Answers (LO1)

> LSB mix; LSB=LO-IF = LO=LSB + IF = 1420 MHz + 3000 MHz = 4420 MHz (Yes, within LO1
operational range).
» With L-band LSB system the associated USB is 7420 MHz which is outside the Rx range and is filtered out.

________________________

Receiver L SB Mixer I Rack
: 1150 - 1750 MHz 2600 - 3400 MHz! i :
~ Options
S N R S ~ +3000 MHz
- 6000 MHz
k. @  LO1=? BPF 2 options:
i : * All Pass
BPF 1 options: : 1000 - 10,000 MHz :
+1.1-1.8 GHz e 4420 MHz ~ .2990 — 3010 MHz
1.6 -1.75 GHz * 2960 — 3040 MHz
1.3 - 1.45 GHz + 2840 — 3160 MHz

* 2360 — 3640 MHz
* 5960 — 6040 MHz
* 5840 - 6160 MHz
* 5360 — 6640 MHz

*1.1-1.45 GHz

ﬁ\ GREEN BANK
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Answers Summary

Questions?
z Receiver N
LSB : LSB Mixer g |
II\?/"F_I=Z1 42(>_|> BPF 1 —®—|> BPF 2 — IF1=?
i 1150 - 1750 MHz 2600 - 3400 MHz Options
__________________________________________________ * 6000 MHz
. LO1 @ LO1=2 BPF 2 options:
BPF 1 options: 1000 - 10,000 MHz . *All Pass
«1.1-1.8 GHz Mz st : 4420 MHz  .2990 — 3010 MHz
*1.6 -—1.75 GHz * 2960 — 3040 MHz
1.3 - 1.45 GHz - 2840 — 3160 MHz

* 2360 — 3640 MHz
* 5960 — 6040 MHz
* 5840 - 6160 MHz
* 5360 — 6640 MHz

*1.1-1.45 GHz
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greenbankobservatory.org

The Green Bank Observatory is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities, Inc.
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Harder Quiz

* Goal : Observe 1420 MHz with the 50 MHz mode of the
Spectrometer (spectrometer does not exist now)

* Parameters:

BPF1 can be: 1100-1800, 1600-1750, 1300-1450, or 1100-1450
MHz

All mixers are Lower Side Band. Hint: first two mixers up convert,
the last two down convert.

BPF2 can be : 2990-3010, 2960-3040, 2840-3160, 2360-3640,
5960-6040, 5840-6160, or 5360-6640 MHz

BPF3 can be : 50-100 or 25-37.5 MHz
See block diagram for other parameters

* Hint: Work from the receiver down the chain until you get
stuck, then from Spectrometer up

* Record values for LO1 and LOZ2; settings for BPF1, 2, and
3; and center values for all Intermediate Frequencies

d _ GREEN BANK
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“Ron’s” Tracing the Signal Quiz:
Derive the values for the Red Components

........................

' Receiver . IF Rack
RF=1420 - é _
MHz | BPF 1 BPF —— IF1=2?
1150 - 1750 MHz
. LO1

Converter Module Analog Filter Module .
P {100 MHz
BPF LPF 485 MHz BPF 3 Spectrometer
8500 - 10350 MHz o '
IF2=? | 1IF3=?

: LO2=" P

10500 - 10500 MHz | | NH

18500 MHz . 200

ﬁ GREEN BANK
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Answers (Note: most folks regardless of experience will mess this up

which is why the configuration choices are done in software for our users....):
"""""""""""" Receiver | "'ﬁs'g;;l;""‘g
retais 1300-1450 f
ks — 1" I IF1=3000 MHz
1150 - 1750 MHz 2600 - 3400N[Hz: 2960_3040 MHZ
101 - LO1= 4420 MHz
100010000 Mz |
""""""" ComerterModule | | AmlogFiterModule
BPF LPF 485 MHz BPF 3 o Spectrometer
IF2=10075 MHz §F§3=425 MHz 50-100 Msz
1 02=13075 WAz |

ﬁ ' GREEN BANK
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I-Q Mixer

Image-Reject Mixer Application

usB
0 -
RF (> 90 Degree
IF Hybrid
LSB
-90 —
By connecting an IF 90 degree hybrid to the | and Q mixer outputs, the IF combines into either the upper sideband (USB) or

lower sideband (LSB) IF signal.

1
I= = [ cos (fuw)+ cos (fis)]

/
Q= 7 [ sin (fusb)+ sin (flsb)]

USB = I+Q(fup+n/2,f1-7/2) =cos(f )
LSB = I(f g+7/2,f,-7/2)+Q =sin(f,,)

—__ GREEN BANK
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