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RPSampling Training Workshop
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Abstract:

This is a one-day, hands-on training course that introduces the RF sampling concepts and its use in high
end communication systems. The lab component of the workshop utilizes the DAC38RF80 RF DAC and
the ADC32RF80 RF ADC device. The lab component will exercise most of the key features within the
devices to give the user an intuitive understanding of how to manipulate the components in a real
system. The lab component is self-contained and does not require any external test equipment.

Agenda:
Time | Topics

8:30 AM - 9:00 AM Introductions/Set-up

9:00 AM - 9:30 AM Lecture #1 Introduction to RF Sampling
9:30 AM - 10:00 AM Lecture #2 Introduction to ADC32RFxx RF ADC
10:00 AM - 10:30 AM Lab Session #1 ADC32RF45 Initialization
10:30 AM - 10:45 AM Break
10:45 AM - 11:15 AM Lecture #3 Introduction to DAC38RF8x RF DAC
11:15 AM - 11:45 AM Lab Session #2 DAC38RF80 Initialization
11:45 AM - 1:00 PM Lunch

1:00 PM - 1:30 PM Lecture #4 DAC38RF8x DUC Features

1:30 PM - 2:00 PM Lab Session #3 Exercise RF DAC DUC Features
2:00 PM - 2:30 PM Lecture #5 ADC38RFxx DDC Features

2:30 PM - 3:00 PM Lab Session #4 Exercise RF ADC DDC Features
3:00 PM - 3:15 PM Break

3:15 PM - 4:00 PM Lecture #6 RF Sampling Clocking

4:00 PM - 4:30 PM Lab Session #5 Examine Wideband Signals
4:30 PM - 5:00 PM Wrap-up
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Communication Trend

(e.g. Wireless Infrastructure)

« Communication Architectures morph to support:
— Higher bandwidth systems
— Lower cost systems RF

Sampling

WIMAX/LTE (4G)
WCDMA / EDGE (3G)
CDMA2K / GSM (2.5G)

AMPs / NAMPs (Analog)

Time
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Bandwidth Consideration

Large BW signals support large data throughput and high capacity
— How to support?

Traditional architectures were limited by data converter sampling rate
— Per Sampling Theorem, minimum sampling rate is at least 2x desired BW
— Only alternative was to chop-up signal into smaller chunks for sampling

RF Converters drastically increase sampling rate and thus can support
much higher signal bandwidths

— Very large signal bandwidths can be directly sampled
— High frequency signals under-sampled to the first Nyquist zone

Example:
— 1 GHz of Spectrum requires minimum of 2 GHz sampling rate
— For practical consideration, additional guard band is required
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High Bandwidth - Multi-band Operation

« Signal BW does not need to be contiguous

— I.e. Two smaller BW signal separated in frequency can be considered as

one larger signal BW

 RF Sampling solution provides a mechanism to support multiple bands,
each with arbitrary signal bandwidth and with variable spacing

Band 1 Band 2
T~ [ ——
—» BW1 =« ~—BW2—»

System BW
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High Bandwidth - Tunable

» Allocated RF Frequency Band is pre-defined
— l.e. defined from standards requirement, regulatory requirements, or from
system specifications

« Within the allocated band, desired signal can be assigned to specific
(narrow band) channel

 RF Sampling Solution provide mechanism to easily place/capture
desired signal at any arbitrary channel.

Freq
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Multiple NCO — Multi-Band

 Include multiple NCOs to tune separate channels to arbitrary RF
frequency location

— Supports non-contiguous multi-carrier operation
— Supports multi-band or multi-mode operation

o Keeps input data rates low; sufficient to meet bandwidth requirements
of each signal

e Supports very wide effective output bandwidth

T

Band1

Band2

[ T
Max | :
* ax Input Freg Max Sample Freg

I Frag
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Transformation to RF Sampling
Architecture

e Transmitter

— Eliminate 1Q Modulator
— Eliminate RF Synthesizer

DAC
| Lo

=

* Receiver
— Eliminate RF mixer
— Eliminate RF Synthesizer
— Eliminate IF channel filter
— Transform IF VGA to RF VGA

High
Speed
ADC

/SAW\

Synth

-

[\

@H

!

[\

/A

RF
ADC

%

@H
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_____ Fllter 2" Nyquist
RE Image
AD3 i | HD?2
CIk Mix ! :
Fs/2 - RF: | l T "
A _ g
| H "' Freq
i
band Fs/2

 |deal Transmitter: Fundamental signal at the frequency of interest

 Real World Impairments:
— HD2 Component
— HD3 Component (aliased)
— Clock Mixing Spurious
— Fs/2 Spur
— Image Frequency in 2" (and higher) Nyquist zone

» Analog filter added to minimize/eliminate spurious outputs
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Comparison w/ Direct Conversion Architecture

(I/Q Modulator)

_________ F |Iter 2" Nyquist
Image
HD3 ! HD?2
RF DAC Clk Mix ! 1‘
Fs/2 - RFE l E R
' ~
"f' Fs/2 Freq
band
----------------------- Side Band
BB Nyq N*RF
1Q Mod Image I N*LO
l LO 2nd Nyq 1\ I "o
1' Freq
band

« Comparable analog filter needed to remove spurious/images
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Strategy for Spectral Mask with RF DAC

———————————————————————

RF DAC :" Fs/2

L. b e

* Meeting in-band spectral mask
— No filtering is possible; inherent performance must meet mask
— Frequency plan to move known spurious product outside of band

* Meeting out-of-band spectral mask
— Optimize sampling rate to move spurious far away from desired band
— Incorporate filtering to suppress out-of-band spurious from being transmitted
— Farther the separation of spurious products, the easier to filter
— With proper planning, filtering can be eliminated or relaxed compared to
other architectures
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TX Frequency Planning Example

RF = 2140 MHz; BW = 60 MHz

e Fs = 6144 MHz

e In-band is clear but HD2 and HD4 are
close and hard to filter

* Increase sampling rate:
— Fs =8024 MHz

 In band still clear but HD3, HD5, and
Clock mixing spur hard to filter

 Decrease sampling rate:
— Fs =5683.2 MHz

* In-band clear and lots of spacing to
other spurious =» easy filtering

HD3

Clk Mix

HD4

—4—Fs [MSPS]
=& Fund
—&—HD2
—=—HD3
—t=HD4
—0—HD5

Clk Mix

IM3L

IM3H

T
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T T
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T
1000 15
requency [MHz]
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HD4

Clkx

HD5

HD)

HD2
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—&—HD2
—=—HD3
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—&—HD5
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IM3H
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HD2

—o—Fs [MSPS]
——Fund
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—=HD3
——HD4
—8—HD5
Clk Mix
IM3L
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RF Sampling Transmitter Advantages

In-band Impairments: Better for wider bandwidth

— Digital quadrature modulation eliminates sideband correction.
* Higher BW signals yield more frequency dependent phase/gain mismatch
« More difficult to correct in traditional architecture

— More consistent Gain/Phase vs. Frequency than with analog BB or IF filter

Power dissipation

— Potential for immprovement over discrete approach depending on
implemented features and sampling rate.

Size (PCB Real Estate)
— 80% size reduction over discrete IF solution
— 50% size reduction vs. MCM IF solution

Better for...
— Wide bandwidth signals and Multi-band applications
— Higher density systems (MIMO, beam-forming)
— Easier implementation for new markets, requirements and frequency bands
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RF Sampling Receiver

RF

[

o

RF
ADC

s

[

PR

)

Duplexer

B

» All signals alias down into the first Nyquist zone

 ldeal RF Sampling ADC directly captures desired band

 ADC must balance dynamic range
— Need low noise floor (good SNR) to capture desired low power received

signal

» Maintain Sensitivity requirements

— Need to handle high amplitude level from blocker or TX bleed-through so
that ADC is not overdriven and distorted.

« Maintain blocker/jammer requirements
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Reality of RF Sampling Recelver

NS
o & s
X <
+ & &
‘?J{\ ,bob & & &
6\ bS {\Q} (\6
Q xG X
& O(b A bOO. \Q’b \0\2\0(1,
RF ADC P
nx Q
\;_l l |
Band N =
f Fs/2 req

* Real World Spectral Impalrments

— Spurious signals (i.e. IM3, HD2, HD3 etc.) from in-band interferers

generated in analog chain (i.e. LNA, VGA)
— Out-of-band Interferers from Blockers/Jammers
— TX signal bleed-through to the RX path

— IM3 Mixing products between Jammers and TX bleed-thorough

 Real World Overdrive Impairments
— TX Bleed-through
— Blockers/Jammers

» Broadband Noise folding into 15t Nyquist Zone
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Strategy for Maintaining Sensitivity w/ RX

Duplexer Filter

6@ ( .--ChannelFilter____|

N & > \

& ! & & .

¥ " P s ‘

& ! < |

O ' N @ ',

N .'I O 2 |

RF ADC N , oS
i N\ I i

e Duplexer Filter
— Suppresses TX Bleed-through into receiver
— Eliminates IM3 Spurious generation

Freq

e Channel Filter
— Suppress out-of-band spurious generated from in-band interferers
— Suppress Blocker signals
— Suppress harmonic/mixing spurs from blocker(s)

« Anti-aliasing filter to eliminate broadband noise
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RF Sampling ADC - Frequency Planning

Spurs from out-of-band interferers or TX bleed-through
— Proper filtering can minimize or eliminate these threats

Spurs from in-band interferers
— Can not filter these signal out
— Need to frequency plan around

Higher sampling rate affords flexibility in frequency planning around
troublesome harmonic and spurious products

Freguency planning in High IF systems
— Choose available sampling rate converter
— Optimize IF location for best results

Frequency Planning in RF Sampling
— Can not choose location of RF signal; this is fixed
— Optimize sampling rate to achieve best results

Wi3 TEXAS INSTRUMENTS



Frequency Planning Example

Case 1: High IF Sampling

— Fs =500 MHz
— IF =375 MHz
— BW =100 MHz

Can not escape from
aliased HD2 and higher
harmonics

Case 2: RF Sampling

— Fs =6144 MHz
— BW =100 MHz
— RF =1950 MHz

Higher order harmonics
do not fall in band

== Fs [MSPS]
HDS5
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*;(D"" —+—HD2
HD3 e H D3
s
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- Se—
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RF Sampling Receiver Advantages

Spectral Performance
— Support wide bandwidth signals (or multi-mode)
— Frequency agile
— Digital features like decimation can minimize filter requirements

Power dissipation

— Power dissipation improvement possible by eliminating mixer and RF
synthesizer components (depending on digital features/sampling rate).

Size (PCB Real Estate)
— Size reduction over discrete IF solution

Better for...
— Wide bandwidth signals, Multi-band applications, and DPD feedback
— Higher density systems (MIMO, beam-forming)
— Easier implementation for multiple standards
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Input Data Rates

« Higher sampling rates required for sampling at RF and for frequency
planning around spurious
« Data rates can not operate at those speeds

— Limited by processor or FPGA rate
— Limited by available I/O on the device

* Implement
— Interpolation/Decimation in order to keep data rates reasonable

— NCO (Numerically Controlled Oscillator) to move desired signal to any
required band

* Rule of thumb:
— Select data rate to support bandwidth of the signal
— Select sampling rate to support output frequency band and spectral purity

L1-19

Wi3 TEXAS INSTRUMENTS



System Challenges for RF Sampling

« Digital Interface
— High data rates needed to support high bandwidth signals
— Incorporate interpolation/decimation filters to maintain reasonable rates

e Clocking
— Requires high frequency, low phase noise sampling clock
» Challenging to generate and route across board
» Challenging for multi-device synchronization
— Incorporate an optional internal PLL/VCO to generate required clock on-chip

o Spectral Performance
— Low order harmonics
* Frequency plan around troublesome spurious when possible
» Maintain low spurious generation where frequency planning not possible
— High order harmonics
« Cannot frequency plan around these
* Must rely on design to meet requirement
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Overall System Benefits for RF Sampling

Support higher bandwidth signals that were previously not possible

Support for a frequency agile architecture
— One design can service many bands, standards, etc.

Digital features allow for additional flexibility in controlling the signals
and manipulating the channel

Filtering schemes can be relaxed in many cases and potentially
eliminated

Multiple devices/line-ups can be more easily synchronized together to
build more complex systems

— Large Radar Arrays
— Beam-forming Antennas
— Massive MIMO
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Texas Instruments

End of Lecture 1
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Texas Instruments

Introduction to ADC32RFxx RF ADC

Lecture 2
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ADC32RFxx Product Overview

e Two main families
— ADC32RF45

Dual-channel, 14-bit, 3GSPS

» Supports Bypass mode (operation with full Nyquist bandwidth)

» Supports full DDC (Digital Down Converter) modes

— ADC32RF80 Dual-channel, 14-bit, 3 GSPS
e Supports only DDC modes (decimation /4 to /32)
ADC32RF4x Family
Device # of DDC Speed Grade
ADC32RF45 2 3.0 GSPS
ADC32RF44 2 2.5 GSPS
ADC32RF43 2 2.0 GSPS
ADC32RF42 2 1.5 GSPS
ADC32RF41 2 1.0 GSPS
ADC32RF8x Family
Device # of DDC Speed Grade
ADC32RF80 2 3.0 GSPS
ADC32RF83 1 3.0 GSPS
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ADC32RFxx Block Diagram

Interleave
Correction

| | I 11
Buffer Digital Block — ~I:> DA[O, 1]P/M
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JESD204B Interface

« JESD204B SerDes (Serializer/De-serializer) standard provides a widely

adopted interface for transferring a large amount of data
— Data is parsed over specified number of lanes

— Uses 8b/10b encoding for synchronization, clock recovery, and DC balance
— Standard supports up to 12.5 Gbps lane rates

— Provisions to support deterministic latency across the serialized link

« Key clocking requirements

— Sample clock: sampling clock and reference for all other system timing

— SysRef:

» Source synchronous to the sample clock
» Provides phase reference for SerDes frame clocks

_ADC Core Latency

Link Latency

A

»

»

ADC Serializer

\ 4

de-

Transmitting Device (TX)

"l Serializer

Elastic
Buffer

Receiving Device (RX)

L2-4

Wi3 TEXAS INSTRUMENTS



JESD204Db Interface — Key Parameters

« Key Data Converter Parameters: LMFS
# of lanes per converter device

# of converters per device

# of octets per frame (per lane)

# of samples per converter per frame clock cycle

» SerDes speeds may vary for each of the LMFS mode
— Fewer lanes increases lane rate
— More decimation decreases lane rate

— FPGA clocking will often be 1/10 to 1/40 the lane rate

« Data Sheet provides lane mapping for desired modes/lanes
— “L" =up to 8 lanes at 12 Gbps max rate
— “M” = 2, 4, 8 effective converters

e M=2
e M=4
e M=8

Bypass mode
Single DDC, complex mixer
Dual DDC, complex mixer

Decimation
Setting
(complex)

# of Output
Active | Complex/ | L M F S
DDCs Real

/4

/6

/8

Complex

Complex

Complex

Complex

Complex

SO =S = e s T N e
R o =
P P D e [ | =
[N (TS (R e e =Y

Complex
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Input Buffer

 Differential Input buffer impedance: 50 ohms

« Recommend high frequency 1:1 balun/transformer with good phase
balance across the frequency of operation

 Input bandwidth capability: 3 GHz
— Support 1st and 2" Nyquist bands directly
— Support 3 Nyquist up to 4 GHz with degraded performance

Input Bandwidth

Transfer Function, dB

N o o b~ 0N BB O B

100 Input Freq%oeonocy, MHz -> 10000 "
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Interleaving

* Interleave four 750 MSPS ADC cores = 3 GSPS

» Clock distribution handled on-chip

— ADC cores sample at same divided frequency but at different phase offsets
— Digital outputs are re-aligned in time

 Why Interleave?
— Utilize ADC core with good SNR/SFDR performance
— Combine to achieve high sampling rate & high bandwidth capabilities

Clocklnput|_|_'_|_l_|_r|_|_|_r|_l_|_r|_|_|_|_|_|_|_r|_|_|_r

0° Clock _I_ —] _1——
Alignment i : l ' | i :
90° Clock
o
clock  [Clock > 180°Clock | | | | | | |
Input 90°
Phase
— 180° [o]
freq.=Fs | generator 2700 f / 270°Clock | I | I | I
req.= Fs/4 2.7
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Non-ideal Interleaving

Offset Errors

— Mismatched ADC core voltage offset

Amplitude Errors
— ADC core gain error
— ADC reference voltage error

Phase Errors
— Input routing delay
— Input BW difference

GERR

Signal
Input ‘ :

BUFFER

Clock

DC1

Input

freq. =Fs

Clock Phase
Generator

b DC2
TR

0°
180°

freq. = Fs/2

— Clock phase error or imprecise sampling instant

Interleaving errors create unwanted spurs and images

— Offset Errors => spurs at Fs/2, Fs/4

— Amplitude/Phase => images

Digital Correction Block

— Continuous digital interleave adjustment
— Maintain IL spur < 80 dBc at 2.1 GHz

O
=
o
al

I:IN

A 4z Input
Signal Input Images

Fe/4

Example N=4

Offset spurs
Images

77 Freq,,
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DC Power Considerations

« ADC Power rails
— Analoq: 19V
g SVin TPS62085 2.2V TPS7A7200 _AV@.EL
— Analog: 1.2V (38) (28)
— Digital: 1.15V

e Power management strategy an

— Option 1: (most conservative)
« DC-DC convert to intermediate voltage | esees ovoorz

» LDO convert to required rail
— Option 2: (minimum power dissipation/cost) I .
« DC-DC convert to required rail "

» Ensure switching spurs/noise do not cause
SyStem issues L TPS(?J.T}?OO LMX 3.3V
* Improve supply filtering as needed

 Power Dissipation: ~6W
— Dependent of sampling frequency and mode
— Heat sink recommended

L2-9
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End of Lecture 2
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Lab Session #1

1.0 Session #1 Objective:

2.0 Hardware Set-up

[RE>Sampling University

2.1 TSW14J56 connections

2.11
2.1.2
2.1.3
214

Connect ADC32RF80 EVM

Connect 5V power jack

Connect USB hub to computer USB port
Connect USB3.0 cable from USB hub to J9

2.2 ADC32RF80 connections

2.2.1
2.2.2
2.2.3

Connect 5V power jack
Connect USB cable
Verify jumper JP3 set to “INTCLK"”

2.3 Signal source (TSW3065)

2.3.1
2.3.2
2.3.3
234
2.3.5
2.3.6
2.3.7

3.0 Software setup

Connect 6V power jack

Verify “Supply Select” is set to “6V In”

Verify Dip switch (or LED indicator) is set to [D3, D4, D5, D6] = [0100]
Change “Ref Select” to: “Internal” (flip to right)

Cable “Ref Out” to LMK_CLKIN (J7) on ADC32RFxx EVM

Connect “LO HF Bal Out” to bandpass filter

Connect BPF filter output to ADC channel A input at J2

Figure 1.0: Hardware set-up

3.1 ADC32RFxx

3.11
3.1.2
3.13

Launch ADC32RFxx GUI

Select LMKO04828 tab> PLL1 Configuration tab; toggle “RESET” button
Select Low Level View tab

a) Select “Open Configuration” folder icon (Figure 1.1)

b) Select “ADC32RF80 DDC” folder

Texas Instruments

Acquire an initial ADC capture with an external 1960 MHz tone.



Lab Session #1 [RE>Sampling University

c) Load: “LMK_ADC32RF80_2949MSPS.cfg”

d) Verify LED D4 and D3 illuminates

e) Select “Open Configuration” folder icon again
f) Load: “LMX_2949p12M.cfg”

3.1.4 Press reset button on the ADC32RF80 EVM (SW1)
3.1.5 Inthe Low Level View tab

a) Select “Open Configuration” folder icon once again
b) Select “ADC32RF80_DDC” folder

c) Load: “ADC32RF80_ 8xIQ_Imfs8821.cfg”

d) Select “Read All” icon

3.1.6 Select ADC32RFxx tab> DDC Configuration tab
a) Set Sample Clock to: 2949.12
b) Set ChA DDCO NCO 1 freq to: 1860

c) Click in ChA DDCO NCO 1 and hit <space> then enter; this loads actual
NCO frequency

d) Set ChB DDCO NCO 1 to: 1860

e) Click in ChB DDCO NCO 1 and hit <space> then enter; this loads actual

NCO frequency
3.2 HSDC Pro
3.2.1  Launch HSDC Pro software
3.2.2 Load ADC32RF80 LMF 8821 isyncO ini file
3.2.3 Change to “Complex FFT”
3.2.4 Change to “Channel 1/8”
3.2.5 Toggle ADC Output Setup icon

a) Click “Enable?”

b) Change ADC Sampling rate to: 2949.12M
) Change ADC Input Frequency to: 1960M
d) Change NCO to: -1859.985M

e) Change Decimation to: 8

3.3 Press Capture button

{
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Lab Session #1

[RE>Sampling University
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Figure 1.1: ADC32RFxx GUI set-up
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Lab Session #1 [RE>Sampling University

4.0 Measurement Result
4.1 Verify that you get a data capture; verify marker location is at the proper place
4.2 What is the value of the highest spur? Is this a real spur? If not, what is it?
4.3 Adjust notching
4.3.1 HSDC Pro>Test Options>Notch Frequency Bins
4.3.2 Change “Number of bins to remove on either side of the fundamental” to: 100
4.3.3 Press “OK”
4.4 Did the location of the highest spur move?
4.5 Change to channel B
4.5.1 Move input cable toJ3
4.5.2 Change to Channel 5/8 on HSDC Pro
4.5.3 Press Capture button

M High Speed Dats Coowerter Pro vA00 - - [ ]

= -
File Initrumserd Optans  Deta Capture Optioers  Test Diptaons Help

ADC

NSTRLIMEN ?* ig. DAC

g 6535 = . . e
2 u.-w, . a

0 5000 1000 25000 30000 35000 40000 45000 50000  SS000  GOO0  ES0O0 70000

Bisckman  |= {Channet+{"Channais) U Avbrages REW 5828 |

Gomgsex FFT [

B+ |

WA Additional Device Farameters ~ 17100 B3 Y

1 BSEESG

Decmation

1508 184320

Firmvware Varsion = “0.1" Interface Type = TSW14ISEREVD_FIRMWARE
sPu_| Buia -0 [conigcten | 1oty A3 Texas InsTRuMENTS

Figure 1.2: HSDC Pro set-up and initial capture

5.0 Additional experiments
5.1 SNR Observations
5.1.1 What s the SNR performance?
5.1.2 Remove the filter from the path and press “Capture”

a) How does SNR performance compare?
b) How does the spectrum compare?

) Re-insert filter; press “Capture”

d) What does the filter do in this case?

5.2 SFDR observations
5.2.1 What is the SFDR performance?
5.2.2  Which spur is limiting performance?

*** Leave set-up as-is for use in the next session ***

N\
L
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Introduction to DAC38RF8x

Lecture 3
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DAC38RF8x Product Overview

DAC38RF80 DAC38RF82 DAC38RF83
Channels 2 2 2
Output Interface SE DIFF DIFF
Output Frequency Range 700-2700 MHz 100 - 4500 MHz 100 - 4500 MHz
Resolution 16,12 16,12, 8 16, 12
Min Interpolation 6X 1x 6X
Max Interpolation 24x 4x 24x
Maximum Signal BW 750 MHz 1600 MHz 750 MHz
Integrated Balun Yes No No
Integrated PLL Yes Yes Yes
Coarse Mixer Yes Yes Yes
48-bit NCO Yes Yes Yes
JESD204B Interface Yes Yes Yes
Max SerDES Rate (Gbps) 12.5 12.5 12.5
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Anatomy of RF DAC

DACCLK+
DACCLK-

DACCLHSE
SYSREF+
SYSREF-
RX[4..7]+
RX[4..7]-
SYNCZ+

SYNC2-

vDDTOS ||

VODR1E [

R¥[0..3]+
F[0..2])-
SYNCAW

SYNC1-
VDD516

ARMUXT [

IFORCE

WEENSE

VODDIGOS
VPS8

—4 VDDCLEDS

=3 VDDAPLL1E

- VDDAPLLDS
—f VDDAVCO1E

2OV

1Y

JESD Interface

Divicar

13,04

VOIDRA DG

VDL _09

VDOLE 09

R —
I Multkband DUC Channel 1 {multi-DUCT

Carnilral Interfacs

Temp
Sansor

GHD

WDDD1E

500 fe—]

S0 R

SDEMNE [=—#

SCLK —»
TEENABLE |—
RESETE |—#
SLEEP |
ALARM |[-—
TESTMODE [w—
GPOD |a—/7
GPOY |a—{
EPI0

GPF

TCLK [—=

TCH |—

TRET, |—=
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What is Interpolation?

 Interpolation increases the sample rate of a signal without
affecting the signal itself
— Insert a O between each sample (zero stuffing / up sampling)
— Filter the resulting images from the up sample process

Interpolation

m Samples/s N m*N Samples/s

adds m*(N-1)
zeros

e Interpolation is used to:
— Maintain reasonable input data rates; achieve higher output frequencies
— Shift the DAC images further from the band of interest...easier filtering
— Allow for a wider Nyquist zone for more flexible frequency planning
— Reduces NSD as quantization noise is spread over a wider Nyquist band

e |Input BW limited by interpolation filters
— BW =0.4 * Fdata

L3-4
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Time Domain View of Interpolation

e O’s are inserted between the original samples
— Adding a 0 does not change the spectral content, just sampling frequency
— Widens the unique BW of the signal

* Low-pass (band-limiting) filtering fills in the missing levels
between the original samples

At =1/F, .
Data input to
interpolation

filter ? T T

At=1/F .
Insert 3 zero's
between 2
samples

At = 1/4F ..

e
oty T11reaet T[T 10100
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Frequency Domain View of Interpolation

Ur— bR bl Ryl 1 (e

Input Spectrum &0
Output of DUC

|| ostuffthe original

- signal to get 2 X Fpura
Aok )b &

1 ; ; i 4
Fdata Fdata

—

15t 80 dB of : : g : . .
P2 ol b o attenuztion-~~f- AR % T — A S— e e | Filter the signal

interpolation .
filter to remove Images

Spectrum after sp-. .| ... ........................ ...................... ....................... . ........................ ...................... 0 Sthf the new Slgna_l

2x interpolation

-100

0 —= — T

d 2nd | PF removes
200 2% gn ?

interpolation
filter
10

Filter the signal
to remove images

................................................................................. |ntem0‘au0n|magesJ ke
V) T, PP : St SR s S s g7 SO PMIOSNTY T
i e~ J/T__'M_‘—Fﬁ 1 W—WT\ &Amf i

1.5 24 5| A

2 4
Fdata Fdata Fdata
[ e o e L R S S R R B S R e PR R R AR R R R R R RN R S LA R T R G ey

- Final DAC output
~with Fpac = 4 X Fpara

Spectrum after g7 ||
4x interpolation

Ay I [ ERER | .......... /At | ................. | .......... ﬂ| B S | ............ PR B | ............

n na 1 15 2 248 3 aa 4
Fdata Fdata Fdata Fdata

Fdac L3-6
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DAC38RF8x Interpolation Options

Filters Used

Interpolation Rate

FIRD
(2x)

FIR1
(2x)

LPFIRO_5X

FIR2
(2x)

LPFIRO_3X

FIR3
(2x)

LPFIR1_3X

6

X

8

10

12

16

18

20

24

L3-7
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JESD Interface

e Supports up to 4 input 1Q pairs

e Max SerDes Rate
12.5 Gbps

‘RF80/83

Fdata(max) = 1500 MSPS
Resolution: 16, 12 bit

Int: 1, 2, 4

Lanes: 4, 8

‘RF82

Fdata(max) = 3333 MSPS
Resolution = 16, 12, 8 bit
Int: 6, 8, 10, 12, 16, 18, 24
Lanes: 1, 2,4, 8

New New : Inpur rare
Category IMFSHd | LMFSHd Re‘::i“r:w Complex | ;Ef?:" Interp Moy F d;;f;;'
(1 slice} (2 slices) (MEPS) 5
Widsband, Single 81180 NiA B N 0 1 8000 8000
Slice
12 M o 1 3333 3333
41380 82380
12 N o 2 3333 falslsls}
. 52380 abowe is pust 41330 programmed in each SLICE
Wideband, Dual Shee
| and Q in different 18 N i} 1 2500 2500
i
shess 41121 82121 18 N 0 2 2500 5000
18 M o 4 2250 2000
82121 above is 41121 programmed in each SLICE
18 Y 1 g 1500 2000
o NiA 1@ Y 1 B 1125 2000
Single Slice Only. 1 <= ! =
1 per slica 18 Y 1 12 750 2000
18 Y 1 18 5625 2000
B2121 above is in one SLICE only.
18 Y 1 g 1250 7500
18 Y 1 B 1125 2000
18 Y 1 10 200 2000
42111 411 1@ Y 1 12 750 2000
18 Y 1 18 5 2000
18 Y 1 18 500 2000
18 Y 1 24 375 2000
EB4111 above is 42111 programmed in both SLICES.
Single or Dual Shice, 1 = =
1@ per slice 18 Y 1 B 625 5000
1@ Y 1 12 825 7500
18 Y 1 18 & 2000
22210 44210
1@ Y 1 13 500 2000
18 Y 1 20 450 2000
18 Y 1 24 375 2000
44210 above is Z2210 programmed in both SLICES.
18 Y 2 18 325 5000
12410 24410
18 Y 2 24 325 7500
1@ Y 4 B 825 5000
18 Y 4 12 625 7500
44210 88210
18 Y 4 18 5 2000
18 Y 4 24 375 2000
Single or Dual Siice, 2 28210 above is 44210 programmed in both SLICES
10 per slice prog ikl
18 Y 4 18 5 5000
24410 48410
18 Y 4 24 & 7500
24310 48310 2 | v [ 2 | 2 | a5 | oo

Wi3 TEXAS INSTRUMENTS
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JESD204Db Interface — Key Parameters

« Key Data Converter Parameters: LMFS

« Data Sheet provides lane mapping for desired modes/lanes
— “L"=upto 8 lanes at 12.5 Gbps max rate
— “M” = 2, 4, 8 effective converters

e M=2
e M=4

— Single slice, 2 IQ pair per slice
— Dual slice, 1 1Q pair per slice G per sice

« M=38

# of lanes per converter device

# of converters per device

# of octets per frame (per lane)

# of samples per converter per frame clock cycle

Single slice, 1 1Q pair per slice a2t

Single or Dual Slicz, 1

Dual slice, 2 1Q pair per slice _

44210

12410

24410

L2-9
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Output Network — Internal Structure

e Output Network
— DAC38RF82/83 Diff Output Integrated 100 ohm impedance
— DAC38RF80 SE Output Integrated balun

e Full Scale Current

= [0UTgs = Ippras + lcoarsetrim
° IRBIAS = 32 mA

* Icoarsetrim = 2 X (DACFS — 11) where DACFS= [0:15] (SPI Programmable)

- IOUTFS = 40 mA (max) VDDOUT18

L4 Output Current uc:-uu,f2+1 j

VOuT1/2-

- 10UT, = 10UTxs (55) e f o

- 10UT- = 10UTgg (~53=)

%ﬁ ;hm | wﬂ; T
g
]

AN —+_

L3-10
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Output Network — External Structure

« DAC38RF83/82 vour
— Output Load: “’”“ﬂ ’_g é 79 ]l
« 1000 (int) // 100Q load = 50Q a
« 1.8V common mode voltage o L v
— Maximum Signal Swing (per leg): 1 Vpp e
— Max output power: 7 dBm (ideal)
6 —_
« DAC38RF80 : —~
— Frequency Range: 700 MHz — 3800 MHz ~ _© *@M
o -2
— Max output power: 4 dBm (target) <,/ N \\
S/ \\_\
g \
10 e DAC38RF
12 83 Pout
14 0 00 00 OO OO OO OO O O O O O O O O

Frequency (Hz) La11
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Clocking Options/PLL

o Sample Clock
— Frequency range: 100 MHz to 9 GHz
— Single ended and differential clocking inputs available
— Use high clock input power (>6dBm) to reduce low order clock mixing
products (Fs/2,Fs/4, Fs/8 and Fs/16):below -78dBc
e On-chip PLL
— VCO1=8.16GHz to 9.75GHz (target) 7.7GHz to 8.9GHz (actual)

— VCOO =5.38GHz to 6.42GHz (target) 5.38GHz to 6.42GHz (actual)
» Modified/corrected in final silicon

— PFD Frequency <600MHz

% 'y
PLL_N{4-0) %

Low VCO Feedback

High YCO

DAC
CLK

L3-12
FLL_M(7-0)
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Lab Session #2 [RE>Sampling University

1.0 Session #2 Objective: Set-up RF DAC output at 1960 MHz and capture with the RF ADC
2.0 Initial hardware set-up
2.1 TSW14J56 (#2) EVM connections
2.1.1 Connect DAC38RF80 EVM
2.1.2 Connect 5V power jack
2.1.3 Connect USB3.0 cable from computer to J9
2.2 DAC38RF80 EVM connections
2.2.1 Connect 5V power jack
2.2.2  Connect USB cable
2.2.3 Connect ADC32RF80 EVM Clock output (J13) to DAC38RF80 EVM LMK CLKIN (J4)
2.2.4  Ensure that JP10 is disengaged
2.2.5 Connect RF cable from IOUTA_SE (J7) to filter and then to ADC32RF80 EVM
Channel B input.

\

Figure 2.0: Hardware Set-up

3.0 Software setup
3.1 ADC32RFxx GUI> LMK04828 tab> Clock Outputs tab
3.1.1 OnCLKout 10 and 11 column de-select “Group Powerdown’
3.1.2 Verify DCLK Divider is set to: 8
3.2 DAC38RF80
3.2.1 Launch DAC38RF8x GUI
3.2.2  Verify USB status is green; if not, select “Reconnect FTDI”
3.2.3 On QuickStart tab
a) Toggle “DAC RESETB Pin”
b) Press “Load Default” button
c) Set on-chip PLL Registers for 8847.36 MHz clock
i. Toggle “PLL Enable” button
ii. Change M value to: 6
iii. Change “Ref Freq (MHz)” to 368.64

4

{
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Lab Session #2

3.24

3.25

3.2.6

3.3 HSDC Pro
331
3.3.2
333
3.34
3.35
3.3.6
3.3.7

[RE>Sampling University

d) DAC Mode Registers
i. Change “# of DACs” to “Dual DAC”

ii. Change “# of Pairs per DAC” to “1 1Q pair”
iii. Verify “# of serdes lanes per DAC” is set to 4
iv. Change “Desired Interpolation” to “18x”

e) Press “CONFIGURE DAC”

f) Press “PLL AUTO TUNE”

g) Press “RESET DAC...TRIGGER”

Confirm PLL is locked

a) Select DAC38RF8x tab > Clocking tab

b) Press “Check Loop Filter Voltage” button

c) Verify PLL LF Voltage value changes from 0 to: 3, 4, or 5
Select DAC38RF8x tab > Digital(DACA) tab

a) Mixer Registers

i. Toggle Path AB to: on
ii. Set Mixer Gain to: 6 dB
b) NCO Registers
i. Toggle Path AB to: on
ii. Set NCO Frequency to: 1960
iii. Press “Update NCO”
Select DAC38RF8x tab > Digital(DACB) tab
a) Mixer Registers
i. Toggle Path AB to: on
ii. Set Mixer Gain to: 6 dB
b) NCO Registers
i. Toggle Path AB to: on
ii. Set NCO Frequency to: 1940
iii. Press “Update NCO”
c) Select Quick Start tab; Press “RESET DAC...TRIGGER”

Instrument Options>Disconnect from Board

Instrument Options>Connect to Board

Select the serial number of the ‘J56 connected to the RF DAC EVM; press “OK”.
Select DAC tab

Load “DAC38RF8x_LMF_841 RevD” ini file

Change Data Rate (SPS) field to: 491.52M (Fclk/Int)

Change DAC Option to: 2’s Compliment

Texas Instruments
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Lab Session #2 [RE>Sampling University

3.3.8 I/Q Multitone Generator
a) Set Tone BW to: 1
b) Set#to: 1

c) Set Tone Center to: 0
d) Set Tone Selection to: Complex
e) Press “Create Tones” button

3.3.9 Press “Send” button; click “OK” if window pops up

| e Settings Help

DAC38RF8x EVM GUI vip4

Quick Start | DAC3BRF8x | LMK04828 | [EE] Low Level View L usnstats 0 |RecomectFTDI2]

Quick Start Procedure
¥ ~Reset the DAC. Toggle the RESET pin.
TN || [T | s s

For External clock mode, enter the
ternal clock frequency and

! select the desired no. of DACS
. of I pairs, o of serdis lanes
DAL Clock Fraguancy (1tHz) Totbacs Wotm oars ot GAC [l of serdes wnes par 0af  Desred rieeooiasen e o Kepting no o4
" 824738 Dual DAC =l || 1 [w]] s Laves = 1t £ o ¢ ~Click on CONFIGURE DAC bnutten
= - — to configure the DAC for the mode

velncted

o“‘d'::i'l__ Cutrent Sesces Lane Rate = 4ZUS.20MHz
mLE M Dual DAC,11Q pir 4 Lanes, 1 i ion b5 5000 For onchip PLL made, check the
’ Sesdes Configured 1o Half Rate ||_WI PAL Enable bax and specify the

g}

» M and N
devider values.

~Select the desired mode of the DAC|
and chek on the Configure DAC
Batten.

~Chick on the PLL AUTO TUNE
Eaitton to sutomatically set the PLL
leop filter voltage

= = ===

et the DAC JESD Core and tragger sysel

Foead Register: DACIGRFSxcondigat_sil| 2252016 23240 Pl Bt [_connecren | e AP Texas INSTRUMENTS

_ DAC38RF8x EVM GUI vip4
| Quick start | DACIBRIGx | LK04828 | [] Low Level View | UsB Status () | Recomect D2
CORY sysret mode CORV sysref dewy
i Dual 1 mode skponewmreloune (=] [0 4
[T avert DAC
mwmo: Output Deiry Path AB Gan Path CO Gan
o CO v sine 0 M oS | (as 5]
TH enatie Dutgut siem solector
Adarm 2ros JESD ata? ] a4 Pan A8 sampie
Alarm sutpet enstle 7] st Pty CO sampie
Alarms Teros DAC eutpus T\t Patn AP snmpie (ndcent DAL
FFO evrars zerss DAC sutpu 7 dukd Pt ) marmple (acdjacent DAT)
[T encader ok syme [P —
® wter anavie [

Eterpolation Dats format ;
s [w] | 25 compioment [m] [ ps

Bwiah FFQ offsen Constant Vil
g e w] 3 © 0000
VNG st 5 wyec (=] | 5F e [2] CO Phase (deg) L] IS S o
g SYNC stiect | SF wyme (o] F ayne [=]
Foead Register: DACIGRFSxcondigat_sil| 2252016 240:18 Pl Bt [_connecren | e AP Texas INSTRUMENTS

Figure 2.1: ADC32RF8x GUI settings
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Lab Session #2

[RE>Sampling University

I ADC3ZRFc EVM GLL
File Debug Settings  Help

g

| ADC32RFxx EVM revD GUI

E————

Block Diagram | ADC32RFxx | LMK04620 | LNX2582 | Low Level View |

usE Staus () | 8 Reconnect?

PLL1C | PLL2 Cc | SYSREF and SYNC | Clock Outputs
| ClKout 0 and 1 Clout ? and 3 CLKout 4 and § ClEout & and T ClLEout B and § CLKout 10 and 11 ClKout 17 and 13
¥ FPGA Ciock & SYSREF  ADC Clock & SYSREF N Usad Mot Uises Avormate ciock I FPGA  Nof Lisesd Extra FMC Clacies
i ] i W Group Peweroown | ]
i Crive Level 7] Output Orive Level | Ootput Orive Level | Output Drwve Level
input Drive Level 7] Input Dirive Level [~ Input Orive Level 17| irput Drive Level ingut Orive Level
t DELK Orveder DELK Dreader DCLK Dovider DCLK Diveder DELK Divedes
1% ||
: DOLK Sowrce
| Dwider -
DK Type  Iven ]
LS -
EDEI)(_Emum
& SYSREF -

Figure 2.2: ADC32RFxx GUI: set clock divider output

- W - W
M8 High Speed Dats Converter Pro w00

ST _
File  Instrument Opteons Data Caplure Oplicers

S T R
e it Help

= =

- 2 — 7
D R e e e

Test Dptons
ADC DAC
. Ve
ScalingFaclor (1x)  Freamuie Cata Rate (575) DAC Option Acth Channel
l 1 0 491524 s Complernerd (=] Channel 1 [=] FlEnattec?
1! "aF
|
o8 o
~30000- e |
~40000-, .
L] 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 35000 60000 25000  TOOOO
Samples
Format Analysis Windoaisamgles]  Window

Frequency Domgin (Cnanne 1=/Chasne 2} Complex (=] a5 [+ Rectanguter =]
E et AaE
| L.

200+
-dDQ—I
atou -1s0m 1000 500 s 100M 1504 2000 24576
Fruquency (Hzh

Figure 2.3:

HSDC Pro (RF DAC) software settings
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Lab Session #2 [RE>Sampling University

4.0 Measurement Results
4.1 Switch HSDC Pro to ADC
4.1.1 Instrument Options>Disconnect from Board
4.1.2 Instrument Options>Connect to Board
4.1.3 Select the serial number of the ‘J56 connected to the RF ADC EVM; press “OK”.
4.2 Re-set-up ADC Configuration
4.2.1 Change to “Channel 5/8”
4.2.2 Toggle ADC Output Setup icon

a) Click “Enable?”

b) Change ADC Sampling rate to: 2949.12M

c) Change ADC Input Frequency to: 1960M

d) Change NCO to: -1859.985M

e) Change Decimation to: 8

f) Press “OK”; press “OK” on the pop-up window

4.3 Press “Capture” button
4.4 Verify that you get a signal at same frequency as before (100 MHz)

M High Speed Dats Converter Pra wd 00 — —— RS x_ ]
- = - . .
File  Imtrument Optsans Data Capture Optans— Test Optoes Help
@T.,.,- - ADC 13 DAC
INSTRUMENTS s J Ly iy
ADGIZRFR0_LMF_gaz [ | = 85535 I | aF
it :‘ 0= i i i i - i i - } ﬂ
Tos 0 5000 10000 15000 20000 25000 30000 35000 a5 50000 55000 60000 65000 70000

omples FFT  |» Channel 88 | Biackman - (Channstie) 11 Awwrages REW E82E |,

gt
10.0-
00 E“‘
0.0 Lol

Iy

E
]
H

150M 18422u

Firmware Varsion = "0.1~ TSW 14.56revD Board = TROS D) Intertace Type = TSW14JS6REVD_FIRIMARE
PsEO1E 25215 PN | Buld -07a0ts | o _QTEJ@S]NWMEN]’S

Figure 2.4: Capture Results

5.0 Additional experiments
5.1 Signal Observations
5.1.1 What s the fundamental power level?
5.1.2 Increase DAC output power

a) Go to DAC38RF8x tab > Overview tab

b) Increase Coarse DAC Gain to 15

) Press “Capture” again on HSDC Pro

d) How much did the fundamental power change?

N\
L
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Lab Session #2 [RE>Sampling University

5.2 Spurious output
5.2.1 What is the spurious output at around 80 MHz?
5.2.2  “Move” the spurious frequency to 40 MHz.
5.3 Spread around the fundamental
5.3.1 What s the source of the noise hump around the fundamental?
5.3.2 Eliminate the noise around the fundamental

a) HSDC Pro>Test Options>Notch Frequency Bins
b) Change “Number of bins...” to: 2500

c) Press “OK”

d) How did the SNR change as a result?

e) Change notch bins back to: 100
5.4 Change the Power level

5.4.1 DAC38RF8x tab > Digital(DACA) tab > Mixer Gain =0 dB

5.4.2 HSDC Pro > “Capture”

5.4.3 How much does the fundamental power change?

5.4.4 Change back;
a) DAC38RF8x tab > Digital(DACA) tab > Mixer Gain = 6 dB
b) HSDC Pro > “Capture”

*** | eave set-up as-is for use in the next session ***

{
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Digital Mixers: Coarse Mixers

Complex mixers naturally suppress image frequency

Complex Mixer

A\ |I|| » | channel

+ Fo
S |I! > j*Q channel

-sin

Fixed oscillator frequency based on sampling rate: Fs/2, Fs/4, -Fs/4
— sin & cos terms simplify to -1, 0, 1
— e.g. Fs/4 case:

Device supports: +/-Fs/4, Fs/2, Fs/8, 3Fs/8, 5Fs/8 and 7Fs/8

The coarse mixers use less power than the NCO because the mixing
sequences are simple combinations of +/- | and +/- Q

L4-2
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Full Complex Mixer (NCO)

« The full complex mixer uses a fine resolution numerically controlled
oscillator to provide sub-hertz shifting of the digital signal

— Shift signal to arbitrary frequency location within output sample clock
Nyquist zone

— Shift signal to proper RF frequency band / RF Channel

— NCO takes the place of tunable frequency synthesizer in RF mixer to shift
signal to desired IF band.

* A look-up table containing a digital sine wave is used for quick
generation of the mixing frequency

)
T

NCO

Frequency
Register

48

48
ra

48

Accumulator

Clk

Reset

48

!

Fs

!

NCO
Sync

1o i :
i
16

Look-up
Table

16 .
7;... Sln

16
——® COS

Phase
Register

L4-3
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Modes of Operation: Real Input

w -]
g 2 8 7 = g e
= B & E g = 2 o
s 8 & 8 & £ 2 2 =2
a [=] [=] [=] a [} [=] [=] [=]
> = = = > => > > >
[T T T TITITT I M1 m
DACCLK+ v Jier Divicar CLKTX+
DACCLK- PLL Distribution | 13,14 CLKTX-
DACCLKSE — VDDTX0S
WDDTH1B
SYSREF+
SYSREF-
RX[4..7]+ - WOUT2+
RX[4.7]- 1‘ VOUT2
® \
SYNCZI+ o= _
i MCO 4 ZIvDDouT18
SYNC2I- &
= REIAS
wDDTOS | E
2 NCO 4 — TESTMODE
VDDR1S [— w,
= ——ﬂ
RX[0..3]+ = I [
RX[0..3]- 1 - VOUTH-
SYNCAW o T \ VEE1EN
SYNCA- NCD 2
- _ _ VODA1S
VDDS1E — Mult-band DUC Channel 1 (multi-DUCT)
AMURD = — ATEST
IFORCE |—
| Contral Intertace I-.— S‘Le'n:;_ ITAG
VSENSE [—
TR O A A O T O Pttt
B @ o o m W W o=\ w 2 T 2 ¥ 5 g v E
2 5 & EFE 2 3 2 E u a 0 0 E & ¥ B 8 E
55 88fs $553:8836¢868 PUREE
g ® i o= = n
= e
= [=

Single / Dual DAC
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Modes of Operation: 1 1Q pair

w -]
z = 2 g .
sii ¢ 8 . !
e & a3 & a a s =2 =
[=] =] =] o a [=] o o
> = = =] > > > > >
[T T T TITTTTITTT I [IILL
DACCLK+ it Divider CLKTH+
DACCLEK- - PLL Distribition 13,14 CLKTY-
DACCLKSE — VDDTXO%
Multi-band DUC Channel 2 (muli-DUC2
— - { ) VoOTX18
SYSREF+ NOO 3
SYSREF- L
=_
RX[4.7]+ Q ol VOUT2+
! =i VouT2
RX[4.7]- T\ +
@
SYNCZ of® -
pu NCO 4 ZIvDDouTis
SYNC2- ]
= REIAS
vDDTos | 5
vooR1s — 0 @ NEO 1 — TESTMODE
= Wil =+
RX[0..3]+ VOUTI+
RX[0..3]- VOUTI-
SYNCAW VEE{SN
SYNCA'- =
= vDODA1E
VDDS1E — Multi-and DUC Channel 1 {multi-DUCT) —
AMUXDT — — ATEST
IFORCE |—
| Conrol Inferface I.-_ 51:'“9 JTaG
VEENSE [— nsar
e EEEE RN NN I
=] o o O o o el =] G L =4 = = = = 5 o W [=
£ T o 5 = o 4 = o o 2 9 E B ) =1
o =} g = o
52 S8 ER Tiis528600 B TR FZ
B w - l-"—l
5 4= 3
= =

Single / Dual DAC
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Modes of Operation: 2 1Q pairs

=g 2
‘el -3
238 38 . s 2%
2 3 3 8 g g 2 2 8
[=] =] =] o a [=] o o
> = = =] > > > > >
[T T T TITTTTITTT I [IILL
DACCLK+ it Divider CLKTH+
DACCLEK- - PLL Distribition 13,14 CLKTY-
DACCLKSE —{ VDDTXOD
Multi-band DUC Channel 2 (muli-DUC2
— - { ) VoOTX18
SYSREF+} [l k]
SYSREF- i_
p—
RX[4..7]+ j>_’ 0 VOUT2+
I VOuTZ
RX[4..7]- . ——i %\’
SYNCZI+ ol |
pu NCO 4 ZIvDDouTis
SYNCZ- & .
VODTO9 £ REIAS
— a TESTMODE
VDDR1E — i,
T j———
RX[0.3+ - VOoUTI+
RX[0..2])- 1 VOUT1-
|
SYNC1W = VEE{SN
SYNC1- —
L I vooaitse
VDDS1E — Multi-and DUC Channel 1 {multi-DUCT) —
AMUXDT — — ATEST
IFORCE |—
| Conrol Inferface I.-_ 51:'“9 JTaG
VEENSE [— nsar
e EEEE RN NN I
=] o o O o o el =] G L =4 = = = = 5 o W [=
£ T o 5 = o 4 = o o 2 9 E B ) =1
o =} g = o
52 S8 ER Tiis528600 B TR FZ
=] a zZ u g E
g o o o
= i1
= =

Single / Dual DAC
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Multiple NCO — Multi-Band

 Include multiple NCOs to tune separate channels to arbitrary RF
frequency location

— Supports non-contiguous multi-carrier operation
— Supports multi-band or multi-mode operation

o Keeps input data rates low; sufficient to meet bandwidth requirements
of each signal

e Supports very wide effective output bandwidth

T

Band1

Band2

[ T
Max | :
* ax Input Freg Max Sample Freg

I Frag
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Wideband Mixing (DAC38RF82)

« Send separate 1/Q data to

- 22 -]
- o - o o
each converter 283 % ¢ : g - o
g 2 & 8 g g g =z =z
[=] [=] [=] =] [=] a a =] =]
> > > = > > > > >
— I_da’ta [ T TTITTTITTOT ] [ILEL —
DACCLK+ T T | ...| ~TClaek | .| Divider .
SI Iceo DACCLK- PLL T Digdribution 13,14 CLHTY-
° -
DACCLKSE ) VODTXOY
0 Muli-band DUC Channel 2 {multi-DUC2) y—
* NCO phase =0 -
d SYSREF-—(_,>_.
- Q- ata - £ ¥
RX[4.7]+ Q i VOUT2+
i RX[4.7] —C>_' " 1 VouT2-
 slicel ; N £
SYNCZi+ g 2 co VDDOUT18
1 o NCO4 -
* NCO phase is set to 90 5
= Y RBIAS
VDDTOS =
I _ G — % —| TESTMODE
 Total BW =1 GHz voors | £
RK[0.3]+ a : . VOUT1+
RX[0..3)- anix) VOUTI-
M e AR e o ) Y
|Foainlow — SAten: 6 9B SYNC1+ [¥] VEE1SN
Ref -24.00 dBm SYNCA-
el -e3. — - VDDA1E
VDDS1E [— Multikband DUC Channel 1 (multi-DUCT)
AMUXOM = —| ATEST
IFORCE ~ .
| Caontral Inferfacs |-| 51::25'_ ITAG
B TR A T A Tt
|
g = o o @m = W m B E W 2 T 2 =© x 5 0 W £
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= =
Center 1.0000 GHz Span 1.000 GHz
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Interpolation and Clock Mixing Products

e Spurs located at

+/_Fclk
n

offset the output signal frequency

* |solation improvement achieved with modified substrate and with final

silicon.

o Example: 24x interpolation
— Anticipate CMP at Fs/192, Fs/96, Fs/48, Fs/24
— Typically CMP > 70 dBc

Interpolation n

6 48 24

8 64 32 16

10 80 20

12 96 48 24

16 128 64 32 16
18 144 72 24 36
20 160 80 20

24 192 96 48 24

Agient Spectrum Anakyzer - Swept SA
i LT F
Ref Value 16.00 dBm

v___Ref 16.00 dBm

|

P ,.._.4..,.L.|,u,-.._l....p.sl\..--l.-._..,--_.a u.wua\uj-w_--.u.-»ha.u b

Span 1.000 GHz
Sweep 233.3 ms (1001 pts)

ssssss
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Inverse SINC filter

Digital pre-emphasis filter corrects for the expected SINC response

The Inverse SINC filter will create a flat spectrum out to 0.4 * F4

Corrects SINC response only in 15t Nyquist Zone

May need to back-off input signal to avoid digital clipping

S/H time domain results in SinX/X correction Filter
DAC S/H output SinX/X response a
time domain Frequency domain . a
. . ! ! S‘m(X)IXrlespons!e ! ! ! e //
i EEEE 2 V/
% 1 // Corrected —
) g o — v
= T
o & -1 \ \
| ) SN
|<_' 2 sin(x)ix ~
s ™~
T=1/Fdac : | n B . \
02 04 D.iE 08 1' TRV ia 6 2 0.0 0.1 0.2 0.3 0.4 0.5

Fdac fout/foac
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Power Amplifier Protection (PAP)

Normal state:

— Monitors the average amplitude of input data and compares with threshold
— The threshold value is set through SPI. When average amplitude exceeds

threshold then trigger Attenuation state

Attenuate state:

— The PAP gain is ramped down to zero

NORMAL

GAIN

pap_trig=1

Wait state: Wait time between the Attenuate and Gain states
Gain state: Ramps up the PAP gain to 1 to restore back to Normal

ATTENUATE

WAIT

wait_cnt_load_r=1

Load the wait counter
when pap_gain =0
L4-11
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Lab Session #3 [RE>Sampling University

1.0 Session #3 Objective: Exercise the DAC38RF8x Digital Up-Converter (DUC) features
2.0 Initial hardware set-up

2.1 TSW14)56 (#2): Keep same connections from Session #2

2.2 DAC38RF80 EVM: Keep same connections from Session #2
3.0 Software setup

3.1 ADC32RFxx: Keep same set-up as Session #2

3.2 HSDC Pro (RFDAC); modify the following from Lab Session #2

3.2.1 Switch to HSDC Pro (RFDAC)

a) Instrument Options>Disconnect from Board

b) Instrument Options>Connect to Board

c) Select the serial number of the ‘J56 connected to the RF DAC EVM;
press “OK”.

d) Select DAC tab

3.2.2 Load “DAC38RF8x_LMF_882_RevD” Ini file
3.2.3 Change Data Rate (SPS) field to: 368.64M (Fclk/Int)
3.2.4 1/Q Multitone Generator> Press “Create Tones” button
3.2.5 Press Send; hit “OK” on the pop-up window
3.3 DAC38RF80
3.3.1 On Quick Start tab
a) # of 1Q Pairs per DAC > 2 1Q Pairs

b) Desired Interpolation > 24
c) Press “Configure DAC”
d) Press “PLL Auto Tune”
e) Press “Reset DAC...Trigger”

3.3.2 On DAC38RF8x tab> Overview tab: Set Coarse DAC Gain = 15
3.3.3 On DAC38RF8x tab> Digital(DAC A) tab

a) Mixer: enable Path CD
b) Mixer: Change Path CD Mixer Gain to 6 dB
c) NCO: enable Path CD

d) NCO: change Path CD frequency to 1940
e) Press “Update NCO”
f) Output sum selector: toggle “Add Path CD sample”
3.4 HSDC Pro (RFADC)
3.4.1 Switch back the HSDC Pro for RFADC

a) Instrument Options>Disconnect from Board
b) Instrument Options>Connect to Board
c) Select the serial number of the ‘J56 connected to the RF ADC EVM;

press “OK”.
3.4.2 Re-set-up ADC Configuration
a) Change to “Channel 5/8”

{
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Lab Session #3 [RE>Sampling University

b) Toggle ADC Output Setup icon
i Click “Enable?”
ii. Change ADC Sampling rate to: 2949.12M
iii. Change ADC Input Frequency to: 1960M
iv. Change NCO to: -1859.985M
V. Change Decimation to: 8
vi. Press “OK”; press “OK” on the pop-up window
3.4.3 Press “Capture” button

[rae Setings Help

DAC38RF8x EVM GUI vip4
Quik Start | DAC38RFax. | LK04828 | (] Low Level View | L oS @ [t iotd)

Die Tesmp (Calcus)
£ DL RESETH P Quick Stant Procedure

- Peset the DAC, Teggle the RESET pin.
[T R TTTE te

For External clock mode. enter the
eaterral clock frequency and
DAC MODE select the desired no. of DACY,
ne. ot K] pairs, mo, of serdes lanes
and L i

DAL Clock Frequency (NI} #oflals #of i3 pars per DAC [ of serdes lanes per D
6847 34 sl DAC - 21 pars []] 4Lases I= ~Clck on CONFIGURE DAL buttan
f _— . —- 1o configure the DAC for the mode
s Curment Serdes Lane Rate = TIT2B0MM: Malered
PLL Enabis 71 Dual DAC.2 1G AL “Fau enchip PL
pair it enchip PLL mode, check the
o Fra ez Sedes Configured o Full Rae : PLL Enable b and speciy the
e Serdes clock predivider = 4 Reference frequency, M and N
w x Ml ﬁumvu Vrmnge = l drvdes values.
1M FLL Muhiglier = ~Select the desined mode of the DAC
nso(mlo i il Muw (L and cick on the Configure DAC
SHA M CLE [ann ey g
Mz} ~Chick on the PLLAUTO TUNE
lbutien to sutematically st the PLL
Boop filter voltage

~Reset the DAC JESD Core and trigger sysnef

idle B Texas InsTRUMENTS

| ReadRogister DAGIERFE confighl_sh| 2252015 256 44 PU Buil

DAC38RF8x EVM GUI vipd
| Quick Start | DAC3SRFS ||.m:ms |.|.om.¢wmw ] use St ) |RecomectFiD?)
Overview | Clocking | SERDES and Lane Configuration | JESD Block | DigitaDAC A) | DigiaDAC B) | Alam Mondoring |

per CORV sysrefmode  CORV ayarel delay
(7] st 2 e

- Scponesywetpune [w] 0
et DAL Duut

[l Path adl v sine Ouiput Delgy Path A8 Dain m:na-n
[]Pain €0 v sne. o M |05 ) jas

7% enatie Dutput sum selector

| Al serns JESD) dala? - [z Path o gamgie
st

Acid Path A8 sampe (adjacent DAL

ikiner zovom DAL cutpet £
Tud Pain O sacwe (acest DAG)

encuder cb ayme o] full et £ enabie
1] full rate o divider enale (] Daterton Enhancement

Mcuer (=1

Path AR Path CI Fath Al
[P | 7 NED enabi 7 2 (o] [ =l Constact
Mt Gan| 60 [ sal Sanping rateMHE) - -
= - ) ey PR e
Coarse i oo | 0 NCOF (MK} 1960 WTEMO
[= moang tecusscy oow o] 3 x Do
NG seect] SF wyme =] | SF sync (o] HCO Phans (g} o TSF SYHC
SYNC select =] 1
FlsE svme ok il 5 e [w]
Read Rogister DACIERFECCONNQ2E_sN | BREP016 30073 PU Builg e
o ¥ i TEXAS INSTRUMENTS

Figure 3.0: DAC38RFxx GUI Settings
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Lab Session #3 [RE>Sampling University

M High Speed Dats Coowerter Pro vA00 . — —— [ ]
= - = - e e
File  Instrumert Opteons  Dta Caplure Opticers Trst Optsons Help
E ADC
<
| DACISRFE:_LMF_BE2 Scaling Faclor (1x) Freambple
Load Extemal Pasem Fio 1 o =] st
Tive Doman
40000 : -
- | ) [
| | = — &
20000-p— 1 -
g now )
o - o
9 |
a° T
a- : =
-30000 ! Bzl I8 S —
40000 -, 5 ' : '
o 5000 10000 15000 20000 25000 30000 3SO00 40000 45000  SOD00  SS0D0 60000 65000  TOO0O
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Figure 3.1: HSDC Pro (RF DAC) software set-up

4.0 Measurement results
4.1 Verify that you get a clean capture
4.2 Signal Observations
4.2.1 Whatis the “spur” that is designated in the spectrum?
4.2.2 Isthat tone at the frequency expected?
4.2.3 What are the “spurs” that are 20 MHz above and below the tones?
4.3 Set-up for 2-tone observation
4.3.1 HSDC Pro (RFADC): Change Test Selections to: Two Tone
4.3.2 Change ADC Input Target Frequency to: 100M
4.3.3 Change ADC 2" Input Frequency to: 80M
4.3.4 What is the power level of the fundamental tones?

5.0 Additional measurements
5.1 Move the frequency
5.1.1 DAC38RF8x GUI
a) Change Digital(DAC A)>NCO>NCO Frequency (MHz) [Path CD]: 1870
b) Press “Update NCO”
5.1.2 HSDC PRO (RFADC): Press Capture

a) Where did the tone show up? Is this expected?

b) Change “ADC 2™ Input Frequency” to: 10M

c) What are the levels of the tones?

d) Why is it F2 amplitude lower than F1? Is this expected?

e) How much bandwidth is represented by this configuration?

5.1.3 Whatis the IMD3 level in dBc?

N\
L
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M High Spesd Uats Comvernes o i O T —— e
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Figure 3.2: HSDC Pro (RF ADC) software set-up/results

5.2 Engage DACB side

5.2.1

5.2.2

DAC38RF8x GUI
a) DAC38RF8x tab>Digital(DACB) tab> Mixer
i. Toggle Path CD on
ii. Change Mixer Gain to: 6dB
b) DAC38RF8x tab>Digital(DACB) tab> NCO
i. Toggle Path CD on
ii. Change Path CD Frequency to: 1820
iii. Change Path AB Frequency to: 1900
iv. Press “Update NCO” button
c) DAC38RF8x tab>Digital(DACA) tab> Output Sum Selector:
i. Toggle “Add Path AB sample” to: Off
ii. Toggle “Add Path CD sample” to: Off
iii. Toggle “Add Path AB sample (adjacent DAC)” to: On
iv. Toggle “Add Path CD sample (adjacent DAC)” to: On
HSDC Pro (RFADC)> Press “Capture” button

a) Where are the tones located?
b) Modify the HSDC Pro ADC input target frequencies to determine the
tone levels.

5.3 Combine Both Channels

53.1

5.3.2
533

DAC38RF8x GUI> DAC38RF8x tab>Digital(DACA) tab> Output sum selector
a) Toggle “Add Path AB sample” to: On

b) Toggle “Add Path CD sample” to: On

HSDC Pro (RFADC): Press “Capture” button

Verify that you can see all four tones in the spectrum

Texas Instruments

{




Lab Session #3 [RE>Sampling University

DAC38RF8x EVM GUI vip4
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Figure 3.3: DAC38RFxx GUI adjusted set-up
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Figure 3.4: Measured results

*¥** Leave set-up as-is for use in the next session ***
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What i1s Decimation?

e Decimation decreases the sample rate of a signal by removing
samples from the data stream

« Decimation includes digital low pass (anti-aliasing) filter followed
by a decimator
— The operation is equivalent to utilizing an analog anti-aliasing filter at fc = Fq
/2M and sampling a converter at F, = F5/M, where M = decimation count
(i.e. 2)
e Decimation is used to:
1. Decrease the ADC data rate to reasonable levels for data capture
2. Maintain high output sampling rate for more flexible frequency planning
3. Take advantage of decimation filtering for improved spectral performance

L5-2
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Time/Freqg Domain View of Decimation

* Images created with each decimation

* Low Pass filter provides anti-aliasing protection

« Data rate reduced for easier processing

At =1/Fg

N

2 :
i TTTTh?THNTTTrT ( |

Time Domain

Frequency Domain

At= 1”:.1;1;

|<—>|

woe T tge ] e ( !

/1
-
|
||
| |
Fsi2 Fs f(Hz)
I
YO (O
I O T T T
N O T T T
R R I T B
Fsl2 Fs fiHz) o3
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Digital Down Converter (DDC) - Recelver
Single/Dual Complex DDC

« Single or Dual complex Digital Down Converter
e Decimation modes: 8, 9, 10, 12, 16, 18, 20, 24, 36

Fout/4
NCO1 NCO 2 NCO 3
‘ 16hit 16hit 16bit
L . T l
I
CTRL/2. 1\ /
‘ Filter Filter
3Gsps 2% 10 3Gsps o L o\ RX11Q Output E
ADC e, £ S S — DDCl
@ RX1 Real Output JESD2048
Fout/4
Filter Filter
S\ 10 3 — — "
%ﬁ *"I!\ T i . m;gui a DDC2
® RX2 Real Output
|| Ncoa
16bit

Fout/4

SYSREF
L5-4
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DDC — Wideband Receiver

Single Complex DDC

 Decimation modes: 4, 6

 Signal bandwidth: 750 MHz, 500 MHz

Fout/4

é Wideband Real Output

Wideband 1Q Output a DDCl

NCO 1 NCO 2 NCO 3
‘ 16hit 16hit 16hit
L. [ [
I
CTRL1/2 \ / —\
—ﬁ v
Filter

ADC SGéps {E 3 10 3Gsps

SYSREF

Filter

JESD204B

L5-5
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DDC — Real Mixer

« Real output: Fs/4 mixer
— Dual DDC: Decimation options 8, 9, 10, 12, 16, 18, 20, 24, 36

— Single Wideband DDC: Decimation 4, 6

NCO1 NCO 2 NCO 3
| 16bit 16bit 16bit
L . [ [

CTRL1/2 i

ADC §b=

L \H

Filter

e\

{Z%i} 10 3Gsps
NCO4
16bit

SYSREF

Fout/4

&

Wideband Real Ou‘tgut)

\{u})

Filter

2\ [

JESD204B

L2 BX1 Real Output )
Y
Fout/4
RﬂaﬁgalﬂuTnuT
Y >
Fout/4
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Key Decimation Advantage

Decimation provides SNR processing gain

Frequency Domain View

— Signal remains constant

— Noise power is reduced by decimation filter
— Improved SNR performance

Time Domain View

— Form over averaging samples to reduce overall
noise

Decimation “Penalty”
— Increased digital power consumption
— Reduced signal bandwidth capability

Decimation
Setting

# of DDCs
available
per Channel

/ 4 complex

/ 6 complex

/ 8 complex

/9 complex

/ 10 complex

/ 12 complex

/ 16 complex

/ 18 complex

/ 20 complex

/ 24 complex

/ 32 complex

Pod [ o | o [ B [ | [ | [ | =2 | =

L5-7
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NCO (Numerically Controlled Oscillator)

Total of 4 NCOs per channel

NCO frequency is set as a fraction of sampling frequency (Fs)
Each NCO has a 16-bit control value (Freq[n])

_ NCO Freq [n] = FS

Fyco = 216

NCO frequency step size: Fs/65,535 = ~45.776 kHz at 3 GSPS

DDCO employs 3 switchable NCOs

— Each NCO can be pre-set via (slow) SPI control

— NCO switched by external GPIO quickly

— Supports switching between multiple DPD feedback channels

L5-8
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Dual DDC Receilver Example

« Each NCO tuned to different RF band
« Signal decimated and mixed down to digital baseband
« Captures desired signals; “filters” unwanted spectrum

NCO 1
16bhit Band 1

Filter
3Gsp IQ 3Gsps 12 375Msps  1Q Output
i é b8\ Band 1

) 375Msps  1Q Output
% 10 3Gsps m 10 375Msps %End% FS},;-"
Filter
NCO 2
16hit
Band 2
1 __Band 2 o _Band1
r | [ |
r | [ |
| |
rl \ rf \ FS/16
I | | |
sl s | alee JENNE L , e -
NCO 2 NCO 1 £S/2
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Wideband DPD Feedback Example

« Utilize NCO 1, 2, 3 to program to DPD feedback channels
« Employ wideband I/Q output to capture expansion bandwidth

NCO 2
16bit

NCO 3
16bit

CTRL1/2 i

|

Fout/4

oo\

12\

ADC

SYSREF

{z 3 I0 3Gsps

Filter

Filter

é Wideband Real Output

Wideband 1Q Output

JESD204B

L5-10
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Lab Session #4 [RE>Sampling University

1.0 Session #4 Objective: Exercise the ADC Digital Down-Converter (DDC) features
2.0 Initial hardware set-up: Keep same connections as the end of Session #3
3.0 Software setup: Keep initial GUI settings the same as the end of Session #3
4.0 Measurement Experiments
4.1 Exercise the Multiple NCO capability
4.1.1 ADC32RFxx GUI > ADC32RFxx tab > DDC Configuration tab
a) Verify DDC Channel B > ChB DDCO NCO1 to: 41333 (~1860 MHz)
b) Set DDC Channel B > ChB DDCO NCO2 freq to: 1935 MHz
c) Set DDC Channel B > ChB DDCO NCO3 to: 1785 MHz
d) Change DDC Channel B > ChB NCO Select to: “DDCO NCO 2"
4.1.2 HSDC Pro (RFADC): Press “Capture”
4.1.3 Verify new location of the tones. F, =F;, - Fyco
4.1.4 Adjust the NCO selection
a) ADC32RFxx GUI > ADC32RFxx tab > ChB NCO Select to: “DDCO NCO 3”
b) HSDC Pro (RFADC): Press “Capture”
4.1.5 Verify new location of the tones. F, =F;, - Fyco
4.1.6  Why is the highest frequency tone attenuated in this case?
4.1.7 Adjust the NCO frequency
a) ADC32RFxx GUI > ADC32RFxx tab > ChB DDCO NCO 3 to: 1695 MHz
b) HSDC Pro (RFADC): Press “Capture”
4.1.8 What happened to the two missing tones?
4.1.9 How can this feature be used in a practical design?

I ADC3IZRFc EVM GUE .

Fie Debug Settngs  Help

ADC32RFxx EVM revD GUI

Block Diagram | ADC32RFxr | LMK04828 | LMX2582 | Low Level View | T

ADC C DDC C JESD204B Configuration

24512 Mz (oniy used for NCO Frequency Calcusson)

CHB DOCO NCOD
@ 43000

Chiy

FARDWARE COMIEGTED ) J3 TEXAS INSTRUMENTS |

Figure 4.0: ADC32RFxx GUI set-up
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Lab Session #4

[RE>Sampling University

4.2 Exercise the Real output with coarse mixer

421
4.2.2

4.2.3
4.2.4

ADC32RFxx GUI > ADC32RFxx tab: Toggle “CHB Real Out EN” to: On

HSDC Pro (RFADC)>

a) Change FFT to: Real FFT

b) Press “Capture”

c) Note: ini file kept same as change in decimation plus real mode “cancel”
each other out.

What happened to the tone locations?

Calculate the frequency location of the tones.

a) Hint: Fs/Dec/4 — (Fin-NCO); note the change in decimation value

b) Change ADC Input Target Frequency values to confirm

4.3 Exercise the Multiple Output channels

43.1

4.3.2

433

ADC32RFxx GUI > ADC32RFxx tab:
a) Toggle “CHB Real Out EN” to: Off
b) Verify “CHB Dual Band EN” is: On

c) Change “ChB DDC1 NCO” to: 1850 MHz
HSDC Pro (RFADC)

a) Change FFT to: “Complex FFT”

b) Press “Capture”

c) Change Channel Selection to: “Channels 7/8”

What happens to the tones? Why?

4.4 Determine the impact of decimation on SNR performance

44.1
4.4.2

4.4.3

4.4.4

Disconnect the cable to the RF ADC input
HSDC Pro (RFADC)

a) Change Test Selection to: “Single Tone”

b) Change Channel Selection to: “Channels 5/8”

c) Press “Capture”

d) Record the SNR value in dBFS units.

ADC32RFxx GUI

a) In the Low Level View tab > Select “Open Configuration” folder icon
b) Select “ADC32RF80_DDC” folder

) Load: “ADC32RF80_ 16xIQ_Imfs8821.cfg”

d) Select “Read All” icon

e) ADC32RFxx tab> DDC Configuration tab > Verify NCO values loaded
HSDC Pro (RFADC):

a) Press “Capture”

b) What is the SNR level? How much improvement from /8 case?

Texas Instruments
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Lab Session #4

4.4.5

4.4.6

4.4.7
448
4.4.9

[RE>Sampling University

ADC32RFxx GUI

a) In the Low Level View tab > Select “Open Configuration” folder icon
b) Select “ADC32RF80_DDC” folder

c) Load: “ADC32RF80_ 4xIQ_Imfs8411.cfg”

d) Select “Read All” icon

e) Select ADC32RFxx tab> DDC Configuration tab

f) Change “ChB DDCO NCO1 freq” to 1850; verify NCO value loaded

HSDC Pro (RFADC)

a) Change ini file to: “ADC32RF80_LMF_8411_isync0Q”

b) Change NCO setting to Decimation to 4

c) Press “Capture”

What is the SNR level? How much did it degrade from /8 case?
Are the above results expected?

Re-connect the RF cable to J3

*** | eave set-up as-is for use in the next session ***
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Clocking for RF Sampling

 RF sampling requires high frequency clock source

o Jitter or Phase Noise performance of the clock is critical to maintain
best performance

« High Freqguency Clock in RF Sampling vs. High Frequency Synthesizer
In super-heterodyne architecture
— RF Sampling only needs one frequency clock. No tuning is required.

* Narrow band VCO or VCXO is sufficient
— Easier to achieve very good phase noise performance

* No channel tuning required
— Channel allocation is accomplished digitally

— Pure sinusoid not absolutely needed; only concerned with transitions

L6-2
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Clock Jitter Impact in Data Converters

« Random variation of the clock position
compared to its ideal position with respect to
time

» As clock position varies, the position of the
sampling point varies

« Sampling at imprecise locations yield SNR
degradation

» Theoretical limit of SNR due to jitter:

SNR; =-20-log(2f,, - 7,)
where:
f., = input frequency

7; = clock jitter

Clk

At=Jitter

IF1

N
HilN

\

EpEgE

:

\J/
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Jitter Impact with respect to Frequency

 SNR is independent of sampling rate At=Jiter

+ SNR is dependent on input frequency TQHLTuﬂLTu

— For a given amount of jitter, SNR -
degrades as input frequency increases g \

« Higher sampling rates indirectly leadto ™ \
more stringent jitter requirements . &/

— High sampling rate device are not “more . 3
sensitive”; rather, high sampling rates

allow higher input frequencies

IF2

SNR, =-20-log(2f,, -7;) /\ J
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Impact of Wideband Clock Noise

 Input signal and clock signal _
Input Signal

Clock bandwidth
typically limited to 2Fs

L) L] L : L}
0 Fs/2 I Fs \ 3Fs/2 2Fs

* Clock (signal+noise)
effectively “mix down” to

input Signal WWWMWM

'l
L L L}
0 Fs/2 Fs 3Fs/2 2Fs

» All noise aliases down to 1st
Nyquist zone

F's 3FL:<,/2 2|':s
» Low clock noise floor or clock
band-pass filter is critical o5
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Slew Rate and Jitter Performance

« Slower slew rate is more susceptible to variations in the zero crossing

point due to noise

 BPF filters broadband noise but also removes harmonics

— Square-wave-like clocks become sinusoid clocks
— Sinusoid signals have lower slew rate

 Increase signal to large amplitude to minimize slew rate impact

L6-6
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Total Clock Noise

* The total clock noise calculated by integrating the phase noise

f2 ®(f)[dBc]
N [dBc] = 10log <j 10 10 df)
fi

%+ Agilent E50524 Signal Source Analyzer

e How are f; and f, chosen?
— Limited bandwidth
* ACPR contribution
* In-band (e.g. EVM/MER)
— Data Converter SNR:
«f,=~0Hz |
- f, = Converter’s clock =
bandwidth (worst case) T

-20.00 "-
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Clock Noise to “Jitter”

o Jitter is a conversion of clock noise (power) to the rms movement of the
clock sampling instant (time) measured in seconds:

Total noise (SSB) = -54.0385 dBc

x2 for DSB —94.0385
2%1(0) 10

7.1S,IMS| =
J[ ] 27Z=I:clk

RMS Jitter = 145.542 fs

L6-10
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ADC SNR Calculations

« Typically use “Jitter” to calculate ADC performance for a given clock:
SNRe« [dBC] = —20-log(27f,, - 7¢ )
f.. =input frequency
7ok = clock jitter

* This readily allows the addition of the ADC’s clock noise (aperture jitter)
by:

_ 2 2
Ty = \/TCLK T T APERTURE
e To find SNR from jitter in dBFS (used for total noise calculation):

SNR.,« [dBFS|=—20-log(27f;, - 7;) — Sruno
Scunp = Input Signal Level indBFS

L6-11
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Example ADC Calculation

052A Signal Source Analyzer

« ADC32RF80 w/ 4x decimation
— Fs=2.4576 Gsps
— Fin =1.75 GHz, -3 dBFS
— Aperture jitter = 70 fs
— SNRyerym = 65 dBFS

e Clock phase noise

— Integration BW
e f1 =~ 5 kHz (from FFT bin size)
e F2 = 40 MHz (instrument max) ‘e
- @D josein = -70.59 dBc

« Calculate clock jitter

\/ —~70.59
* 10
Tew S, rms] = 22;0 =27.06fs

Clk

L6-12
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Example ADC Calculation (Continued)

ADC32RF80 w/ 4x decimation
— Fs=2.4576 Gsps
— Fin=1.75 GHz, -3 dBFS
— Aperture jitter = 70 fs
— Clock jitter = 27.06 fs (from previous calculations)
— SNRyerym = 65 dBFS

Total jitter:

2 2
T =T + Toperrure = 75.05fs

ADC SNR due to jitter:
SNR.,«[dBc]=—20-log(2~f,, - 7,)=61.67 dBc => 64.67 dBFS
Total ADC SNR:
SNR,; = ~10l0gfo ™™ 110 """

total —

SNR,,,,, =—10log(10 “% +10 % )= 61.82dBFS

L6-13
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Measured Result w/ 4x decimation

-

+# High Speed Data Converter Pro v3.00.10
.

File Instrument Options

{i Texas
INSTRUMENTS
ADC32RFA5_LMF 4211 |54

Test Selection
Single Tene |Z|

SMR

THD 8062 dBFs

SINAD 6134 dBFs

ENOE 350 Bits

Fund. -302 dBFs

Mext Spur | -B6.05 dBFs L

HD2 8349  dBFs |

HD3 8419 | dBFs

HD4 8332 | dBFs

HD5 3863 | dBFs

MSD "-10654 | dBFs/bir
dBFs Hz

M1 -10654 | O.O0E+D

Mz 17301 | LOOE+6

Delta 1646 100E+6 —

Test Parameters

Aute Calculation of
Coherent Frequencies

Analysis Window {samples)

65536 [+]

ADC Output Data Rate

614.4M
ADC Input Target Frequency

1.75004063G

Data Capture Options

Test Options Help

dB Fs

Codes

e

R 4

ADC 1L

DAC

0

10.0-

16383 —‘
0 -

1
5000
Real FFT

I | | | | | |
20000 25000 30000 35000 40000 45000 50000

[=]

1
15000
Channel 1/2

1
10000

[=] [=]

Blackman (Channell)

1/1 Averages

A+
&)

n
65000
RBW | 9375

I 1
55000 60000 70000

Hz

-10.0-

-20.0-

-30.0-

-40.0-

-50.0-

-B0.0-

-70.0-

-80.0-

~ 61.39 dBFS

-1(93.197M)

| | 1 | |
60M 140M 160M 180M 200M 220M

Frequency (Hz)

1 |
100M 120M

1
80M

A+
|

| 1 | 1 1
240M 260M 280M 307.2M

Firmware Version = "0.1"

Waiting for user input

TSW 14J56 Board = TIYKEPHF

6/3/2015 3:20:00 PM Build - 10/15/2014 CONNECTED

Interface Type = TSW14J56_MC_FIRMWARE

Texas INSTRUMENTS
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Observations

Thermal noise is a dominant factor in SNR performance
— Decimation eliminates noise that falls outside of the decimation filter

SNR = SNR,,,, +10log(Decimation)

Decimated

— Decimate by 2 = 3 dB SNR improvement

Reducing input power reduces impact of clock jitter to SNR
— Backing off from full scale improves performance

Clock filtering improves SNR performance
— Changes limits of integration; reduces clock jitter

Increasing clock amplitude improves performance

— Higher clock amplitude increases slew rate which reduces thermal noise
impact to clock jitter

L6-15
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Example Measurement — DAC38RF83

DAC38RF83 Phase Noise Performance
FDAC = 6000MHz

| 15GHzoutput  Clock Phase Noise

~. limits phase noise

N

Estimated output

PHase Noise SSB (dBc)
: . i
w
o

—=__ 6dBdrop from 1.5
N\ ~GHzto 750 MHz

-150

160 750 MHz output

-170
-180 1 t
100.0E+0 1.0E+3 10.0E+3 100.0E+3 1.0E+6 10.0E+6
Frequency Offset (Hz)
——1500MHz PN @ Fs/4 CMIX ———750MHz PN @ Fs/8 CMIX ~==-smal00aTTEfilter ~~~-theoretical 6GHz*1/4 theoretical 6GHz*1/8

L6-16
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DAC Residual Phase Noise

DAC38RF83 Phase Noise Performance
FDAC = 6000MHz

 Calculate residual phase noise by subtracting out measured
»  external clock phase noise contribution -
* Residual DAC noise + clock phase noise = total DAC phase noise

-80

-100

5

-110

e
-,.

"
{

PHase Noise SSB (dBc)
i ]
3
b

750 MHS
|

-150 ‘ ‘

Apﬁ)rommatlon— ~ |
i
-160 ] = A | | -_— 1
Estimation too close to measured A f""‘\
to g¢t accurate residual doise £
-170 ‘ M !
-180 ‘ i —
100.0E+0 1.0E+3 10.0E+3 100.0E+3 1.0E+6 10.0E+6

Frequency Offset (Hz)

o Calibrated 1500MHz PN 4 Calibrated 750MHz PN

L6-17
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Example DAC Calculation — ACPR/ACLR

PHase Noise SSB (dBc)

e = ~ S e '
(o)) wu B w N = o o [e]
o O o O o o o o o©

-170

-180
100.0E+0

SMA 100 Phase Noise Measurement
FDAC = 6000MHz

1.0E+3 10.0E+3 100.0E+3 1.0E+6
Frequency Offset (Hz)

Zifl

\

10.0E+6

Estimate clock’s phase noise contribution to ACPR/ACLR
Use previous phase noise measurement @ 1.5 GHz output
For W-CDMA, BW = 3.84 MHz, channel spacing =5 MHz
Clock source = SMA 100 (excellent phase noise)

Integrate phase noise from 3.08

" MHz to 6.92 MHz

Nacpr pac = -93 dBc

DAC ACPR is worse than -93 dB,
so clock noise will not limit ACPR In
this case

What about 3 GHz center
frequency with same clock? L6-18
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DAC ACPR Comparison

Ext Clk vs. On-chip PLL

Ext Clock: 8847.36 MHz On-chip PLL: 8847.36 MHz

Aaplert Spectium Anabyzer - ACP = Auplerit Spectrum Anabyzes - ACP — )
L L RF ENSE:IN 1GN Al 12:35:23 PHNov 23, 2015 L L RF N N ALIGH Al 12:37 AMov 23, 2015
Center Freq 2.140000000 GHz Center Freq: 2.140000000 GHz Radio Std: None Frequency Mech Atten 6 dB Center Freq: 2.140000000 GHz Radio Std: None Attenuation

v Trig: Free Run Avg|Hold:>10/10

[ Y Trig: Free Run AvglHold:>10/10
IFGain:Low #Atten: 6 dB Radio Device: BTS

IFGaln:Low = SAten: €& dB Radia Device: BTS Mech Atten
6dB
Ref -15.00 dBm Ref -15.00 dBm

Center 2.14 GHz

Span 138 MHz
#Res BW 220 kHz

Center 2.14 GHz
Sweep 70.8ms

#Res BW 220 kHz VBW 22 kHz
Total Carrier Power Total Carrier Power
Lower Upper Lower Upper
C dBm dBm  Filter Integ BW dBi dBm  Filter
¥ -f1468  OFF
OFF
OFF

Carrier Power Carrier Po Filter

MsG JFile <ACPR_2140 state> recalled

STATUS STATUS

L6-19
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RF ADC EVM External Clocking Options

« External sig gen to the ADC (transformer coupled)

— LMKO04828 generates *same* rate so that SysRef to ADC and
clk/sysref to FPGA is coherent

* Requires 10M sync signal between sig gen and LMK

— Convenient set up *if*f LMK can generate the rate from the
122.88MHz reference oscillator. (such as 2.4576 GHz)

LMKO04828

« External sig gen to the ADC and LMK
— Copy of the *same* clock provided as reference to the LMK
 Either a splitter on the clock or two sync’d sig gens

— LMK uses this external clock as its ‘VCO'’ in place of the
internal VCO

ExtCLK

Oscln | LMK04828
—

* Most flexible/baseline ADC performance

L6-20
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On-board Clocking Options

e Option 1: LMK04828 to ADC (solder mod needed on EVM)
— Limited to ~2.5GHz or ~3.0GHz due to LMK VCO frequencies
— ~3to 4 dB SNR loss due to VCO phase noise
— Sample Clock and SysRef are well synchronized

e Option 2: LMX2582 to ADC (standard EVM set-up)

— Limited to LMK internal VCO frequencies which derive SysRef
— Equivalent SNR performance with baseline S/G clock source

— Sample Clock and SysRef not definitively phase aligned

LMKO04828

A
(1

—h

LMX2582

Oscln| LMK04828

—
Ref, T

OscOut

Option 1

Option 2

L6-21
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On-board Clocking Options (cont)

e Option 3: LMX2582 to LMK04828 to ADC (solder mod needed on EVM)
— LMK operated in clock distribution mode

— Any frequency generated by LMX is allowable

— Sample Clock and SysRef are well synchronized

— SNR degradation due to LMK buffer roll-off at high frequencies
e Option 4: LMX2582 ChA/B to ADC/LMK (no option on EVM)

— Any frequency generated by LMX is allowable
— Sample Clock and SysRef are well synchronized

— Equivalent SNR performance with baseline S/G clock source

A

C -
LMX2582 | Oscln| LMKO4828 |oscout| | | LMX2582 [“5c% LMK04828 | OscOut
Ref, ‘ >

A
(1]
i

L6-22
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System Clocking Option

e LMK provides:
— SysRef to DAC and ADC
— Limited to internal VCO frequencies which derive SysRef
— Supplies low frequency reference to DAC PLL

« RF DAC PLL
— Provides DAC sample clock
— Integrated divider: /2, /3/, /4
— Provides ADC sample clock

« DAC/TX and ADC/RX share correlated clock source
— Allows noise cancellation in DPD feedback applications T%

Oscln| LMK04828 —
—
Ref

L6-23
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Clock Calculations for DDC Bypass

« ADC32RF45 w/ DDC bypass

— Fs =2.4576 Gsps Remove Close in BW
— Fin = 1.75 GHz, -3 dBFS (may be negligible)
— Aperture jitter = 70 fs Roughly 2*FSy,ax
— SNRyygry = 61.5 dBFS
» Clock source phase noise: \

N ©tarout = NSDfgor + 10log(BWepkiv — 2 * f3)
- DPearout = —152 + 10log(6GHz) = —54.3 dBc

\,

~70.59 -54.3
2%10 0 410 10
z;[s,rms] =
27Z£|:clk

z;[s,rms]=127.7 fs

26
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Example ADC Calculation Continued

ADC32RF45 w/ DDC bypass

— Fs =2.4576 Gsps From previous slide:

- Fin = 1.75 GHz, -3 dBFS z,[s,rms] =127.7 fs
— Aperture jitter = 70 fs

Total jitter:

2
+ T APERTURE

[
TrotaL = \/ TEXTERN
What happens if

TrotaL =149. Fin =-10 dBFS?
ADC SNR due to jitter:

SNR.,« [dBc]=—20-log(2xf,, - 7,)=55.91dB¢ => 58.91 dBFS
Total ADC SNR:

SN Rtotal = _10 Iog(lOSNRmTE% +1O—SNRTHERMA))
SNR, =—1010g(L0 7 +10 % ){57.00dBFS

27
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Lab Session #5 [RE>Sampling University

1.0 Session #5 Objective: Examine a 600 MHz wide band signal
2.0 Initial hardware set-up: Keep same connections as the end of Lesson #4
3.0 Software setup:
3.1 HSDC Pro (RF DAC)
3.1.1 Switch to HSDC Pro (RFDAC)

a) Instrument Options>Disconnect from Board

b) Instrument Options>Connect to Board

c) Select the serial number of the ‘J56 connected to the RF DAC EVM;
press “OK”.

d) Select DAC tab
3.1.2 I/Q Multitone BW> Tone BW = 150M
3.1.3 1I/Q Multitone BW># =25
3.1.4 Press “Create Tones”
3.1.5 Press “Send”; press “OK” in the pop-up window
3.2 HSDC Pro (RFADC)
3.2.1 Switch to HSDC Pro (RFADC)

a) Instrument Options>Disconnect from Board
b) Instrument Options>Connect to Board
c) Select the serial number of the ‘J56 connected to the RF ADC EVM;
press “OK”.
3.2.2 Toggle ADC Output Setup icon
a) Click “Enable?”
b) Change ADC Sampling rate to: 2949.12M
c) Change ADC Input Frequency to: 1960M
d) Change NCO to: -1859.985M
e) Change Decimation to: 4
f) Press “OK”; press “OK” on the pop-up window

3.3 DAC38RF8x GUI
3.3.1 DAC38RF8x tab>Digital(DAC B) tab>

a) NCO Frequency Path AB = 2085

b) NCO Frequency Path CD = 1635

c) Press “Update NCO”

3.3.2 DAC38RF8x tab>Digital(DAC A) tab>

a) NCO Frequency Path AB = 1935

b) NCO Frequency Path CD = 1785

c) Press “Update NCO”

d) Verify all paths in Output sum selector are toggled to On

3.4 HSDC Pro (RF ADC): Press “Capture”

{
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Lab Session #5

[RE>Sampling University

i al

M High Speed Data Converter Pro w00

Fie Instrument Optsons. Dats Capture Optaors. Test Ophons

# WM‘I“:UMEI‘*‘I’S Eﬁ

DACISAFE:_ LUE_B42

i S i [ )
Help
ADC . DAC
L
< Secaling Factor (12) Preamaie Oata Rate (5P5) DaC Opaen Ace Channel
1 L 358 64 Is Complement I Channel 1 - JIEnatied?

Send Load Edemal Paem Fie
E Time Toman
40000
Valur Wit 20000~

A
[ -l

e | g e
[ mesan 000 | Coder GO o
o ot e o || oo
N T R R | |
; T " e w0 1 sioo tobon 88
Format Ansiysis Window(samples)  Window
Freguency Domain (Cranss T=rGhannel 2) Complex = 65536 [= Redanguiar |=
b RE
ol
| VO Multone Generstor -20.0
T é A0 | |
| esemelm|  geo3s 1000 | 1
[ Torwsstecion) Compiex [» -1!00-. I I i I i ] I | | I
0l = PR 184 32M 1500 00K S0M rl“ug:c“‘u: EOu 100M 1500 184300
Firmware Version = “0.17 TSW 1456revD Board = TEDBOCH Interface Type = TSW4JSEREVD_FRMNVARE |
[T—— u_| ouis L8 Texss InsTRumenTs |
Figure 5.0: HSDC Pro (RF DAC) software set-up
4.0 Measurement Experiments
4.1 How much signal bandwidth is represented in the capture?
4.2 Why are the tones at different amplitudes?
4.3 Remove BPF and re-capture
4.4 How much signal bandwidth is represented in the capture?
M High Speed Data Comverer Pro w0 SIS |
File  Instrument Optsons  Data Caplure Optssns Test Optiees Hrlp
@ |IN.EI'R-LIMEI\"I'S ?‘- ADbc E. DAC
ADGEZREBO_LMF_841 F e [ | | | ] ] I I JITT ] I ] RF
[ captue & o JUITHITI I ! ! ! ! ! ! ! ! AN Ay (A |
Test Selechon : o 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000 65000 70000
| SngleTone  |= Gomples FFT [x Ghannel 413 = Blsoman  |=|  (Channetds"Channels) 11 daeages REW| 11280 |y
iR :;I: ::.‘ 100 ®+
el (I &
et S 2508 age 0
= Bl . !
[los  uze we | 400 | N
fior | otss omwe || 700 il
i 1200+
130.0-1 | | - . ! | 1 U - |
il -350.64M ~300M -200M L] 200M 200M 250640
Frequency (Hz)
L] ]
Firmware Version = "0.17 TSW 14J56revD Board = TBOSFDeJ Intertace Type = TSW14JSEREVD_FIRMWARE I
J WWamng for user input 2252016 43215 PM Bulld - 0722/2015 e QTEKAS]NSI’RUMENTS '7

Figure 5.1: Capture results
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Lab Session #5

5.0 Additional Experiments

5.1 Analog Gain

5.1.1
5.1.2
5.13

5.2 Digital Gain

5.21
5.2.2
523
5.24
5.25

[RE>Sampling University

Modify DAC38RF8x tab>0Overview tab>DAC Configuration>DAC Coarse gain: 15

Press HSDC Pro (RF ADC) “Capture” after the change

Observe level of the tones

Modify DAC38RF8x tab>Digital(DAC A) tab>Path AB Gain to: 1

Press “Capture”
What do you observe?

Use digital gain adjustment to flatten out the response over frequency.

Note: digital gain should hover around 0.5 to ensure device is not overdriven

5.3 Examine Inverse Sinc
Toggle DAC38RF8x tab>Digital(DAC B) tab> Path AB inv sinc to: On

5.3.1
53.2
533
534
5.3.5

Press “Capture”

Toggle DAC38RF8x tab>Digital(DAC B) tab> Path AB inv sinc to: Off

Press “Capture”
What do you observe?

5.4 Examine output sum selector

54.1
5.4.2
543
54.4

Toggle various combinations of output sum selector
Press “Capture”

What do you observe?

How does the amplitude of the tones change?

5.5 Investigate NCO Phase

551

5.5.2
553
554

5.5.5
5.5.6

DAC38RF8x tab>Digital(DAC A) tab>

a) NCO Frequency Path CD = 1935
b) Press “Update NCO”

HSDC Pro (RFADC): Press “Capture”
What do you observe? Is it expected?
DAC38RF8x tab>Digital(DAC A) tab>

a) NCO Phase (deg) Path CD = 180
b) Press “Update NCO”

HSDC Pro (RFADC): Press “Capture”
What do you observe? Is it expected?

Texas Instruments
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