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at Millimeter Frequencies
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Agenda:

 The growth of millimeter applications

Measurement challenges at millimeter frequencies

Signal Generation
 Multipliers
 Upconverters

Signal Analysis
« External Mixers
» Smart Mixers
 Frequency Extenders and Downconversion
« Demodulation and Analysis

Summary
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Electromagnetic Spectrum is a Valuable Resource

 Ever-increasing number of wireless applications
« Spectrum auctions provide revenue for governments

 Business mergers and acquisitions can be driven by who controls
what spectrum allocation
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One Solution: Millimeter Frequencies

Traditionally the 30 to 300 GHz spectrum (i.e., wavelength 10 ~ 1 mm)
Research now extending to 500 GHz, 1 THz, and beyond

Benefits:

« Small antenna size

* High resolution

 Uncluttered spectrum & reduced interference
 Wide bandwidths

 Advantageous use of atmospheric properties

Anticipate __Accelerate __Achieve
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Growing Millimeter-wave Applications

« Backhaul radio systems

* Automotive Radar

 Early next-generation wireless research (“5G”)
« 802.11ad WiGig

» Aerospace/Defense
= Radar
= Secure Communication systems
= Airport Security

WiGig Vision: A Unified Solution

1. Passive millimeter-wave imaging can reveal weapons that are conosaled
under ciothéng,
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Atmospheric Properties

ATMOSPHERICABSORPTION OF MILLIMETER WAVES
(HORIZONTAL PROPAGATION)

WAVELENGTH (mm)
10.0 8.0 6.0 50 40 3.0

(dB/km)
=)

SEA LEVEL ATTENUATION

FREQUENCY (GHz)

Source: “Making Connections Beyond 110 GHZz”, by David J. Vondran, OML Inc.,
Microwave Journal, Feb 2013
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Measurement Challenges at Millimeter Frequencies

 Inability to penetrate walls, foliage, etc.

» Higher losses , especially as you increase frequencies

« Smaller and more fragile cables, adapters and accessories
« Costs are high

« Lack of metrology-grade power standards above 110 GHz

Aerospace & Defense Symposium
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Millimeter Signal Generation

Methods of generating signals
 Multiplication
 Upconversion

Considerations

 Frequency range requirements

* QOutput power requirements

» Modulation and Bandwidth requirements
 Minimizing spurious signals
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Signal Generation
Multiply a Microwave Signal to Achieve Millimeter Frequencies
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Multiplication of Phase Noise

PSG Phase Noise vs. Frequency
due to 20log(n) Multiplication (SXxxMS-AG)

v ——PSG (15 GHz)
\\\\\ ——60 GHz (15 GHz x4)
v ——90 GHz (15 GHz x6)
\\ \\ —— 120 GHz (15 GHz x8)
- —— 180 GHz (15 GHz x12)
\ —— 270 GHz (15 GHz x18)
_ ——450 GHz (15 GHz x30)
120 \\\
140

AN

1 10 100 1,000 10,000 100,000 1,000,000 10,000,000
Frequency Offset from Carrier (Hz)

Phase Noise (dBc/Hz)

-160
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Signal Multiplication

Pros and Cons

Pros

A good choice for CW and pulse modulated signals
* Test setup simplicity

* Fixed or variable output power

« Commercially available modules from several manufacturers covering waveguide bands up to 1 THz
and above

Cons
« Saturated output power

Pulse modulation rise/fall times may be altered

FM and ®M deviation is multiplied by the multiplication factor

AM modulation is severely distorted

Not suitable for most digitally-modulated signals
« Creates harmonic, sub-harmonic and non-harmonic spurious signals, -20 dBc typ

Aerospace & Defense Symposium
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Signal Generation
Up-converting a Microwave Signal to Achieve Millimeter Frequencies

Modulation Signal Generator

LO

LO Signal Generator

Aerospace & Defense Symposium
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Signal Upconversion
Pros and Cons

Pros

 Much better choice for modulated signals
« Can support wide bandwidth signals
 Reasonable output power

Cons

* Higher-complexity test setup — two sources required

A well thought-out frequency plan must be established

» Limited choices among off-the-shelf upconverters

* Limited amplitude control

* Creates images, harmonic, sub-harmonic and non-harmonic spurious signals
* Filtering must be taken into account

Aerospace & Defense Symposium
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Signal Generation
Example: Generate a modulated RF signal between 71 to 76 GHz with 1 to 2 GHz Bandwidth

BPF
Wideband AWG 70to 77 GHz
= | 5 GHz IF 2=l L RF
- ——= 1to 2 GHz BW ~ 71 to 76 GHz

LO
66 to 71 GHz

202

LO Signal Generator

11 to 11.8333 GHz Multiplier Module
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Signal Generation

Example: Generate a modulated RF signal between 71 to 76 GHz with 1 to 2 GHz Bandwidth
Using a higher IF bandwidth

Wideband AWG

f
Gial F—=

oY,

BPF
|5 70 to 77 GHz
(& S EEEe
’ it Eet. 11 GHz IF % . RF
— 1to 2 GHz BW ~_ 71to 76 GHz
Modulation Signal Generator
LO

202

LO Signal Generator
10 to 10.8333 GHz

Multiplier Module
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802.11ad MCS24: M8190A + PSG

No calibration to correct flatness

Agilert Spectrum Analyzer - Swept S [Prototype - Limited Sale Allowed] 5 81199A Wideband Waveform Center 1.2,
L ke "‘””3‘ = File View Generate Measure Windows Help

Stop Freg 20.000000000 GHz Avg Type: Log-Pwr B
(Aack] oD 5 Trig: Free Run 5 I | & (& | (3)Generate and Output.. (¥ Start (%) Stop | 2 | Measurement Stopped - | Auto-Range |15 Full Sereen &

: Fast ¢
IFGain-Low Atten: 10 dB
- x

5 [Spectrum]

Ref 0.00 dBm

Ja1odg mapuig

start 10 MHz - — " Stop 20.000 GHz
Res BW 3.0 MHz VBW 3.0 MHz Sweep 33.33 ms (1001 pts)

Anten: 10 0B

RO e
IFGain:Low

-

BET

Do

DEF

i

tad Corrltor Ot : : 5 & o & o
%5 RS

Ref 0.00 dBm

-

Center 5.000 GHz Span 10.00 GHz [ Ervors, Warrings snInformation|

Res BW 3.0 MHz VBW 3.0 MHz Sweep 16.67 ms (1001 pts) GPIE (1) [LANLD)|

- 64QAM OFDM modulated signal
Some optimization made in creating the signal for IQ Gain Imbalance
Symbol Clock Error adjusted in analysis.
EVM around 5.7% is OK, but expecting more like 3-4%. PSG modulator is the noise-limiting
element.
Note cleanliness of output spectrum (PSG). Ideal for IF signal generation to 40 GHz.

G E oF
DD DE DF

® ED EE EF
> FD FE FF

11 [80211ad EVM Display]

5.6889 %

USE 1| sockets ()| telnet (D)
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Signal Generation
Up-converting a Microwave Signal to Achieve Millimeter Frequencies

Example:
N5152A WiGig (802.11ad)
57 — 66 GHz Upconverter

LO INPUT
+15 VDC
IF INPUT
+15VLED
+19V LED REF INPUT

Aerospace & Defense Symposium
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Signal Generation
Upconverting a Microwave Signal to Achieve Millimeter Frequencies

- PETTT BECTT =
L ==l REFEFEFZE ==

e e g 2" |.F.17.5 GHz
Transmitter Output:

AWG input: 5 GHz IF () VAN e e s ) +5dBm
1 57 ... 66 GHz

2" .0.22.5GHz

LO input: 10-12 GHz Q-P s VAN N5152A Up Converter

WiGig (802.11ad)
frequency band
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Signal Analysis

- ‘
. o [ @6
(¢][o1[s)

Aerospace & Defense Symposium

Anticipate __Accelerate __Achieve - - Ag ilent TBChIIDlOgIBS © Agilent Technologies, Inc. 2014
: 19



= g WS W - Y. U R
Millimeter Signal Analysis

Methods of analyzing signals
 External harmonic mixers

» Smart mixers

« Downconversion

Considerations

 Frequency range requirements

« Conversion loss and sensitivity requirements
» Modulation and Bandwidth requirements
 Minimizing spurious signals

Aerospace & Defense Symposium
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Signal Analysis

Using a Harmonic Mixer to Extend the Spectrum Analyzer Frequency Range

% Agilent E3440A

e
3 Aglent 14:36:23 Jun 5, 2081

‘Auto Couple

11970 Series tested with Agilent PSA spectrum analyzers

Agilent model Frequency LO Maximum Nominal spectrum Frequency Nominal gain
number range harmonic conversion analyzer noise (dBm) response compression
(GHz) number loss (dB) 1 kHz BW (dB) (dBm)
11970K 18 to 26.5 6— 24 -105 1.9 -3
11970A 26.5to 40 8- 26 -102 1.9 -5
11970Q 33 to b0 10— 28 -101 1.9 -
119700 40 to 60 10— 28 -101 1.9 —1
11970V 50 to 75 14— 40 -92 +2.1 -3
11970W 7510 110 18— 46 -85 3.0 -1
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Harmonic Mixing
PSA Spectrum Analyzer + 11970-Series Mixer

External harmanic maar

3 GHr 35714 GHr 1.4 MEx 1.4 WH: All digital IF ASIC
~_ s — ¥ ~ TE M Digital REW
AP HX—1RY 0 || DigalLag A

Input » Digital YEW

sigral T Digital detector
37 G |
'@ . ) ] ll.::‘u
| 36 GHe 300 MHe 08 MKz
:—"'II{T > : : w
I 1.4 Wit —

Display
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Signal Analysis

Using a Harmonic Mixer to Extend the Spectrum Analyzer Frequency Range

Diplexer built-in to PXA/EXA
allows LO and IF signals to
share the same RF cable

0 ‘ i I
B! "' mum
||lllﬂ| il

Some harmonic mixers
require DC bias — delivered
via same LO/IF coax cable

Aerospace & Defense Symposium
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Harmonic Mixing
Fre=NXF otk
Where PXA IF frequency = 322.5 MHz

160 Harmonic Mixing Tuning Lines

140 10-
In-band multiple responses /

Apparent location of 67 GHz
input signal caused by the
response to the 6+ tuning
line = 66.355 GHz

\
\

Signal Frequency, GHz
s 3
_ \>,_
@
L

14
0 B i e 8+
L —10-
] o P 10+
40 : 1 r
Apparent location of in-band i i i i i i
20 | multiples caused by 67 GHz |+ — —
input signal response to 8+ P b b
0 and 8- tuning lines P P b

6 8.335 8.415 11.113 11.220 14
LO Frequency, GHz
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Signal Identification

Agilent Spectrum Analyzer - Swept SA
| EXT MIER ] i
Center Freq 62.500000000 GHz

IFGain:Low

Ref 0.00 dBm

Center 62.50 GHz
Res BW 3.0 MHz

MsG i Alignment Completed

Span 25.00 GHz

VBW 3.0 MHz Sweep 3.40 ms (1001 pts)

Frequency

Auto Tune

Center Freq
62.500000000 GHz

StartFreq
50.000000000 GHz

Stop Freq
75.000000000 GHz

Agilent Spectrum Analyzer - Swept SA
O i1 1 |

Marker 1 67.000000000000 GHz :
PNO: Fast L, ) 1tig:FreeRun

IFGain:Low Atten: 10 dB

BALIGH AUTO
Avg Type: Log-Pwr

Peak Search

Mkr1 67.000 GHz NextPeak

Ref 0.00 dBm -13.13 dBm

Next Pk Right

Next Pk Left

Marker Delta

Mkr—RefLvl

Center 62.50 GHz
Res BW 3.0 MHz

MSG

Span 25.00 GHz

VBW 3.0 MHz Sweep 3.40 ms (1001 pts)

Signal Identification OFF
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Signal Identification ON
using Image Suppress function
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Signal Analysis

Phase Noise Increases at Higher Frequencies

Agilent Spectrum Analyzer - Swept SA (Prototype - Limited Sale Allowed)

W | ExT MIXER SiGo | | SENSE:EXT /W ALIGH OFF 07:33:21 &M Sep 16, 2010

Marker 1 525.000000013000 GHz Avg Type: Pwr(RMS) TRACE )
PNO: Far Ly Trig: Free Run Avg|Hold: 721100 A

IFGain:Low Atten: 6 dB : SelectMarker |
Mkr1 525.000 000 013 0 GHz 1
Ref -20.00 dBm -27.683 dBm

Marker Noise

Band/Interval
Power

Band/Interval

Center 525.0004578 GHz Span 1.100 MHz
VBW 1.0 kHz Sweep 1.33 s (40001 pts

MKR| MODE| TRC SCL FUNCTION FUNCTION WIDTH FUNCTION vALLE Function Off

‘0 N |[1[f] 525000 000 0130 GHz 27, 683 ®em | 0 |

)l A1 (1] F [(A 10.000 0 kHz | (A) -73.920 dB/Hz | 1.000 kHz[{A) -73.920 dBiHz

<l A1 [ 1] fF [(A 100,000 0 kHz [{A) -83.5629 dBiHz | 1.000 kHz[{A}) 83529 dBiHz

N A1 [ 1] F [(A 1.000 000 0 MHz [{A}106.821 dB/Hz | 1.000 kHz[{A} -106.821 dBiHz

5 I I A

| ]

7

s Il

ey | Measure at
10 I
11 N Marker
12 I

MSG STATUS g3 Align Now, All required

Aerospace & Defense Symposium
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Agilent M1970-Series Smart Mixers

USB connection provides:
« Automatic ID

« Harmonic number

« Conversion loss data

* LO path loss

R 111111

Frequency range 60 to 90 GHz 50 to 75 GHz 50 to 80 GHz 7510 110 GHz
LO harmonic number' -6/-8 -6 -8

LO input frequency range? 9.42 to 12.56 GHz 8.39 to 12.56 GHz 8.39 to 13.39 GHz 9.42 to 13.80 GHz
Maximum conversion loss® 27dB 23 dB 25 dB
Calibration accuracy (nominal)* 2.2

Maximum LO power 20 dBm

Maximum CW RF input level 20 dBm (100 mW)

Maximum RF peak pulse power 24 dBm with < 1 psec pulse (average power: + 20 dBm)

0Odd order mixing product suppression 15dB

(nominal)

Gain compression level (< 1dB) (nominal) —1 dBm

Input SWR (nominal) 2.6

Noise figure (nominal)® 40 dB 36 dB 38 dB
System displayed average noise level (DANL) —136 dBm —140 dBm —138 dBm

at 1 Hz resolution bandwidth (nominal)®

Aerospace & Defense Symposium
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Smart Mixer Functional Block Diagram

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

Smart Mixer block diagram

Waveguide Input

50 to 75GHz o—
60 to 90 GHz
751to 110GHz BALUN

. Detector

IFA Attenuator

' LO Amp ' : USB port
Pre-Amp Slope Pad maximum up to 10dB loss
M) > |F (~ 3m cable length)
L
Variabl < LO/IF port
At?erﬁa?or LO
Max Allowable USB power: +5 V @ S5A

1.Setting the state of the variable LO attenuator (in mixer)
2. Leveling LO power and Reading LO detector ADC count
3. Comparing LO detector ADC count to target ADC count LO range: 8.3 GHz — 13.8 GHz
4. Store the LO power level versus LO frequency IF range : 100 MHz — 1 GHz

5. Sweep thru the entire LO frequency band

Aerospace & Defense Symposium
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Millimeter Signal Analysis
DANL Comparison Between Traditional and Smart Mixer Designs

Estimated DANL 11970V Vs V-band Smart Mixer with PXA

-128
5E+10 5.5E+10 6E+10 6.5E+10 7E+10 7.5E+10

-130

-134

-136

dBm/Hz

-138

0 Y i
—_— /J\/ \/\_\ — A,«v-\-vw\/‘"/v\’
/_/\n/\-«f

-144

-146
Hz —11970V System DANL

= M1970V Smart Mixer System DANL

v’ ~5-12 dB improvement in DANL

Aerospace & Defense Symposium
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Demonstration Video
Signal Generation & Analysis of a 64-QAM Signal at 65 GHz

H65 Mixer is
T oS E located on
| =) rear panel of
” 2 S E8257D
o LDig 8 LELE @ peesessssssssssssssssssssg
o o - o =)

= ojclo

= |
I |
a n_“
;.m"m"m.
N
vy

E8257D analog PSG
with option H65
upconverting doubler-mixer

--------------------------

u {
i

gl AAnnma

L]
E

PXA Signal Analyzer
with 89601B VSA s/w
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Analyzing Digitally Modulated Signals

File FEdit Control Source Input MeasSetup Trace Markers Window Utlities Help (7]

Bl [>] @ 2= IR W M miE

'A: Ch1 64QAM Meas Time C: Ch1 64QAM Err Vect Time

B: Chl Spectrum ~
10

dBm

Loghdag

Markers

Measurement running | INT REF | AUTOCAL: OK

- - Aerospace & Defense Symposium
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Millimeter Frequency Extenders

Multiply and amplify the spectrum analyzer

LO signal prior to mixing

Lower conversion loss = better DANL

Waveguide Frequency
Range, GHz

Band

WR1.0

WR1.5

WR2.2

WR3.4

WR5.1

WR6.5

WRS8.0

WR10

WR12
WR15

750 - 1,100

500 - 750

325 -500

220 - 330

140 - 220

110-170

90 - 140

75-110

60 - 90
50-75

Anticipate __Accelerate __Achieve

Input

Standard
High
Standard
High
Standard
High
Standard
High
Standard
High
Standard
High
Standard
High
Standard
High
Standard
High
Standard

Multiplication
Factor

108
36
54
18
36
12
24
12
18

6
24
6
12
4
12
6
12

LO Input

Frequencies

6.9-10.2
20.8 - 30.6
9.3-13.9
27.8-41.7
9.0-13.9
27.1-41.7
9.2-13.8
18.3-27.5
7.8-12.2
23.3-36.7
46-7.1
18:3-28.3
7.5-11.7
22.5-35.0
6.3-9.2
12.5-18.3
50-75
10.0-15.0
8:3=12'5

Agilent Technologies

Conversion

Loss, dB
30
20
17
14
12
12
12
11

11

Shown:
N9029AVxx: from VDI Inc..

Max RF input
Compression
/Damage, dBm

-20/-10
-20/-10
-20/-10
-20/-10
-10/0
-10/0
-10/0
-10/0

-10/0
-10/0

DANL,
dBc/Hz

-125
-135
-145
-145
-150
-150
-150
150

-150
-150

Aerospace & Defense Symposium
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N9029AVxx SAX Frequency Extension Module
Standard Mode

« Easiest setup
« Best for CW and narrowband signals

N9029AVxx SA frequency extension module

o [N &R s LO/IF — o
>S5 ® |53 .7 , - . signals Mllllmeter
o = signal

15 @B H06E 80 © 0 X N _
Signal analyzer \ Waveguide

input

« If demodulation analysis is desired,
signal bandwidth is limited to signal
analyzer analysis bandwidth

Aerospace & Defense Symposium
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N9029AVxx SAX Frequency Extension Module
Block Downconverter Mode

* Most flexible setup
« Best for wideband signals — up to 20 GHz BW

Down- N9029AVxx SA frequency extension module
converter
output / IF \
Millimeter
signal
> x N 4
K Waveguide
input
LO
3| 1822 o (B
)
= & % 9 &

Signal generator

Aerospace & Defense Symposium
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Spectrum Mirroring

« SAX frequency extenders are double side band devices

 The downconverted spectrum may or may not be inverted,
depending on whether the RF > LO or if RF< LO

 IfRF <LO, then the RF and IF respond inversely to frequency sweeping.
 IfRF>LO, then the RF and IF will be directly proportional.

RF>LO RF<LO

Fir = Fre —F Fir = FLo - Fre

% N ax-n

Aerospace & Defense Symposium
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Specialized Down Converters

Example:
N1999A WiGig (802.11ad)
57-66 GHz Down Converter

12 VLED

15 VLED

LO INPUT

+15 VDC

Aerospace & Defense Symposium
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Down Converter (N1999A)

Down Converter Input:
-50 to -20 dBm
57 ... 66 GHz

N1999A Down Converter

IF Output to SA or scope:

5 GHz, -7 dBm

Specifications (preliminary, 25°C - 30°C)

LO Section IF Section

Input Frequency: 12.50 to 18.75 GHz Output Frequency: 5 GHz

Input Power: <+10dBm Output Power: -7 dBm

Maximum Input: +13 dBm 1Q bandwidth: <2 GHz
Non-Harmonic Spur.: < -30 dBr

RF Section Noise Figure: > 6 dB

Input Frequency: 57 to 66 GHz. Dynamic Range: <30 dBr

Input Power: -50 to -30 dBm

Maximum Input: -15dBm

1Q bandwidth: <2GHz

Aerospace & Defense Symposium
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Summary

« Several techniques exist to generate and analyze millimeter-wave signals

* The optimum technique depends on what parameters are most important
for your application:

« Performance
* Qutput power
« Signal purity & distortion
« Sensitivity
« Signal bandwidth

* Budget

« Equipment on-hand vs. acquiring new instrumentation

« Greater use of wideband digital modulation in millimeter systems will
drive greater usage of up- and down-coverters

Aerospace & Defense Symposium
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Agilent Millimeter-Wave Solutions

For more information, contact your local Agilent sales representative or visit:

Millimeter Signal Generation: www.agilent.com/find/SG_mmwave
Millimeter Signal Analysis: www.agdilent.com/find/SA_mmwave
Millimeter Network Analysis: www.agilent.com/find/ mmwave
M1970-Series Smart Mixers: www.agilent.com/find/smartmixers
PSG Signal Generators: www.agilent.com/find/psg

PXA Signal Analyzers: www.agilent.com/find/pxa

EXA Signal Analyzers: www.agilent.com/find/exa
Application Note: Literature # 5991-3968EN

Measurement Considerations for Generating and Analyzing Millimeter Wave Signals
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