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Using CAD for RF Architecture Engineering and Optimization

By Rulen YanDyke

The RF architecture phase is the foundation for the entire RF design. However, designers are
still using a hodgepodge of sofiware tocls during this phase, which completely eliminates all of
the design verification steps along the process. Many design iterations are the resuit of
oversighte in the architecture. Furthermore, these hodgepodge software tools cannot identify root
causes of architecture problems. | seems so ironic that during this day and age when we have
had so many advances in computer and software technology that the RF foundation work is still
being done in spreadsheets, math packages, and custom iools.

During the course of this paper we will present a completely new way of thinking about RF
simulation that starts at the foundation of the probiem, which is RF architeciure. We will then
setablish the need for RF architecture tools and show through an actual soflware example how
we can use this tocl to improve the design process by reducing unnecessary costs and design
iterations allowing designers time to improve the guality of the product.

Design Process Overview

“A cormmunication-sysiem design from conception through oroduction involves a sequence of
phased sieps. If you can’t achieve satisfactory results in one step, you may need 1o go back io
the previous one and restruciure it as part of an iterative back-and-forth process, but you don't
warnt to go back maore than one step in the process” (courtesy Wireless Design and Developmern,
published by Cahners Business Information).

“You can first simulate system architecture to efficiently aliocate and distribute performance
parameters among the various siages, balancing and trading off factors such as input signal
strength, internal and exiernal noise, bandwidth, disioriion, and channel dynamics to achieve
system goals at lowest cost. This simulation isn’t necessarily a one-pass process, either. You
may decide on what initially appears to be optimum baiance among the stages, only 1o find that
you carn't meet the design goals for one stags. When this situation happens, the iterative process
oeqins: You go back to your original plan, re-evaiuate and realiocaie performance goals for each
stage or modify your algorithms, and then try 1o design a suitable circuit” (Bill Schweber,
“‘Communication simulation software smoothes systemn design”, EDN Magazine, August 3, 1998,
pgs 87 — 103).

The typical “concaption through production” i
design flow is as follows and illusirated in | A3 Phase « Production
Figure 1. f
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Figure i - R Design Process

An fdead FF design cycle using state-of-the-art technology is as follows:
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Fropose a nui Tab of architectures

Perform a qu < hign level static analysis of sach architecture

Perfarm an a:@vamtdgc [ disadvaniage frade-off study between proposed architectures
Select the desired architeciure

Perform an in-depth dynamic analysis of the desired architecture

Pariition block specitications

Fe-evaluate and reallocate biock speciiications 1o meet performance and cost gosls
Document the architecture and biock speciiications

ypical tools used to complete this p'"'“s e
@

Spreadshsets (architecture & link budget)
o Math packages (archilecture & link budget)
»  Cusiom designed software !ar‘ hitecture & link budget)
*  Word processor (documentation & block diagrams)
«  DSP tools (link budget)
*  Graphic packages (block diagrams)
o Schematic tools {block diagrams)

Major Obsiacies witly this Phase: Companies are not using current RF simulation toois
for this phase! Apparently, linear, SPICE, and harmonic balance simulators are not being
used for this design phase. Only very rough customer requiremenis can be verified
during this stage using a hodgepodge of software tools.

Desired Outpul: Architecture document that include a block diagram and specifications
for each bilock
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Determine blocks to be purchased or designed

For purchased blocks create specifications and procure blocks or componentis
For designed blocks synthesize the circuit as much as possible

Design linear circuits using ame’*r simulation tools

Design non-iinear circuils using non-linear simulation iools

Sensitivity analysis

Yieid predictions

Temperature sensitivity

Collect simulation data from designed circuits

Coilect measured data from purchased circuits / tlocks

. Substitute data back into top level architecture for static design verification
. Simulate dynamic requiremants such as digital modulation effects of BER, eye diagrams,

and constellation plots

. Repartition block / component specifications if necessary
. Documentation of the design

Typical tools used to complieie this phase:

o Spreadsheets {cascaded components)
*  Math packages (cascaded componenis)
o Custom deségned software {cascaded components)

o Linear circuit simuiator {Jinear circuit design)
° ’=‘arm0'n» Balance or bPHFE {non-iinear circuit design)
«  Test automation sofiware (data collection)

v Sohematic tools q’_sm’.@mam'w designed block
°  YWord processor (documentation)
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Major Obsilacles with this Phase: Most RF designs contain a mix of purchased and
designed blocks / compenents. Software 1o coliect data for purchased components is
very ifimited and typically ends up being custorn software. OUnce again verification of
customer requiremeants is difficult at best because current RF simulation tcols are geared
toward RF circuit design and not RF architecture.  This random approach does not
facilitate ihorough exploration and optimization of the chosen architecture, and often does
not expose design or performance limitations iurking within.

Desired Quiput: Design documentation and schematic ready for layout
Imuplementation Plhiase
1. Prototype layout for designed circuits
2. Eleciromagnstic simulation of layout
3. Collect measured data from purchased circuits / blocks
4. Substitute EM data baclk into top level architecture for design verification
5. Repartition block / component specifications if necessary

Tvpical tools used fo complete this phase:
«  RF simulator fayout tocis (good for RF grototype work)
»  Linear circuit simulaior {linear circuit design)
o Harmonic Balance or SPICE (non-linear circuit design)
lectromagnetic simulaior
¢ Lab equipment
o Data collection software

=
© =

Major Obstacles with this Phase: Once again cusiomer requiremant verification is
difficuit because simulation and measurement tosls are not integraied with RF
architecture fools.

Desired Quiput: Commitment ic a complete prototype unit

integration Phase

1. Integrate firmware, hardware, and software
2. Collect measured data from prototype unit
3. Verily staiic customner requirements such as frequency responss, power levels, ete,
4. Verify customer dynamic requirements such as BER, eye diagrams, and constellation
picts
. 5. Repariition block / component specifications ONLY IF NECESSARY

Typical tools used to complete this phase:
+  Lab eguipment
s Data collection software
»  Gther firmware and software tools

Major Obstacles with this Phase: Unfortunately, this is typically the stage for the
current design process where architecture weaknesses can be identified. Identified
architecture weaknesses are very costly at this stage an undetecied architecture
probiems are aven costlier.

Desired Quipui: Commitment to pre-production layout and modeis
Ere-production FPhase

1. Collect measured data for entire systern or RF architeciure
2. Verify all static and dynamic requirements hava besn mat through measurements
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3. Repartition block / component specifications ONLY [F ABSOLUTELY NECESSARY
4. Yield oplimization and tuning
Typical tools used to complate this phase:

« Lab eguipment

o Data coliection scfiware

ilajor Obstacies with this Phase: Time to market and manpower resources are
typically the limiting factor in collecting complete static and dynamic design performance
information.

Dasired Output: Design ready for manufacture

MOTE: In practice many of the preceding design steps are skipped because of time-to-market
and resource constraints. Obwviously, the solution to this problem is to develop user-friendly foois
that can be used fo integrate all software and data collection tools used from ‘concepiion fo
production’

fdentifying Problems Earfy Saves Time and Money

Cusiomers are increasing pressure on companies o reduce the time to market and io drive down
the cosis while improving the quality and refiability of their producis. RF designers need tools that
are sasier 1o use, require a shorter learning curve, and are more iniegraied, thus allowing
designers the ability 1o do top-down desigrn. This top-down design must provide constant
feedback to the designer of requirement compliance in order to eliminate costly design turns near
the end of the development cycle.

Earty identification of potertial issues alerts designers to weakneszes in the design and
architecture before they become a problem. |If these weaknessss can be examined and
addressed early on during ihe architecturs phase, the cost of design changes will be at a
minimum.  Typicaily, the longer an architecture problem lurks the costlier it is to fix. Resoiving
these issues sarly is paramoun Uo heipme:r designers improve time to market while iowering cosis
and improving the qguality, Ses Figure 2

b Phase - Prodoction

58 Thase - Pre-Production
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Figure 2 - Cost of Rework vs Phase of Identified Problem

Design Vi *mfm@fm;m m:au,/ in Th mwr"” But Is [t Practical?

One of the bi the RF CAD arena is th

Al e ability 1o verify that custormer
requirsments are met \Jmng avery step of the design process. Time 1o market pressures
cornpound the problem and short cuts are usually taken eliminating imporiant design verifications
along the way. Many times the first dssign verification s step may dc%u&[.; be when the first piece
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of hardware shows up in the fab. This is a risky and costly approach. Doesn't it seem reaso mn!m
in today’s advances of sottware clﬂd computer technology that design verification should be don
quickly in sofiware before commitling to hardware? Why is this a big challenge?

To understand why design verification is currenily so difficult let’s examine the current types of
software tools used during the RF design process. During the architecture phase RF designer
have been accustomed to creating their own spreadshests, custom softwars tools, or using math
packages. This is a quick and dirty way of getiing the job started but these tools are very lacking
when it comes to supporting the design through the entire process. Design and purchase is the
next development phasse. Currenily, CAD lOOE-‘b have focused on this particular desrgn step.
Techniques such as linear S~parammtr—>r type simulation, harmonic balance, SPICE, and

electromagnetic simulation can be used during this phase. During the next phase, which is the
integration phase, we begin to have physical I'EaEIZQtEOﬂb s0 the useful tools are once again
eleciromagnstic simulation and measured data.

Ideally as the desig proceeda rom “‘conception through production” BF designers would like 1o
verify customer requirements all along the way. Howsver, looking at the current softwars tools on
the market we see that the best we can do is circuit verification because ths data from simulation
tools such as a linear sim JEatur or harmonic balance doesn’t flow back inte the tools used for RF
archilecture. Once the initial architecture design work is done, the current archilecture tools
provide liitle value during the rest of the design process. Using this approach, design verification
is nice in theory but not very practical. See Figure 3.

in order o identify problems early, a good HF architecture tool needs to be developed and
integrated fully with linear, non-linear, eleciromagnetic, and data collection tools.
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Figure 3 - Desigr Verification with Current Software Tools

Static and Dynasmic Design

There are two categories of RF design, siatic and dynamic. Static design is where the designer
locks at design from static performance conditions {such as frequency response, gain, and power
ievels etc.) where all design parameters ars budgeted io meet the performance criteria, minimize
cost, improve the quality, and reduce the lime to markst. This is the first step where the
designers declare tha‘t custormer objectives are cornpletely met in the static case. Dynamic
design is where the designer :{ar’wncs the design thal has already been completed under
dynamic conditions = ﬂ 8 tima domain. Examples of dynamic design are looking at the design
performance under modu !'wor conditions such as BER, eye diagrams, and consisliation picts.
Examining the current RF simulation tools on foday’s markst gives the perception that dynamic
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analysiz is ali that s requirad since only these types of tocis exist. Even though dynarmic design
is very important, static i

Can you imagine trying to dynarmnically balance the tire of your car when you have spent little time
or effort doing & siatic balance first? Wasted time it the resuli of this balancing techniguel This
same principie applies to AF design. Investing huge amounts of time doing dynamic ime domain
simulations on a poor BF architecture is nothing more than a waste of time and money. As an RF
design community we need to beiter utilize our time and money by establishing a solid RF
architecture foundation and then when it comes time to do the dynarmic design this process will
be much easier and produce more fruitful results.

RF Arehitecture Solution

Eagleware has aftacked this problem head-on and has developed a new simulation engine
needed for RF architecture work that provides the platform to integrate synthesis tools, linzar
circuit simulation, non-linear circuit simulation, electromagnetic simulation, and measurement
data collsction. RF design from ‘concegtion through production’ is now possible in a single
sciware tool.

New Simufation Engine

The simulation engine thai Eagleware has developed is very unigue. The simulation technique
maps very closely into the physical world. Basically, the way it works is thal every source plus
intermods, harmeonics, and noise propagates to every node in the systern. Unlike a harmonic
vaiance technigque, all signale have bandwidth and speciral density. Each node contains
spectrums from all signal sources and the producis that they have created all along the way,
traveling in ali directions through the nede. This is a continuous frequsncy simulator just as
signale and noise appear in nature. The user has 1o tell the simulator which frequencies to ignors
ctherwise all frequencies in the entire speactrum would be procassed.

Users can examine full node spectrums at any node or view channelized msasuremenis along a
user specified path. Al channelized measurements integrate the full node spectrums at every
node along the path. The user can define arbitrary paths and many RF types of measurements
can bz sexamined aiong these paths. Al spectrums along the path are catsgorized before
integraiion, allowing measurements the ability 1o integrate only specific types of spectrums. For
example, some intermod measurements only act on intermod spectrums regardless of other
signals thatl may be preseni.

Lavel disggrams and iables can be used 1o determine the RF performance along user-defined
pains. Furthermaore, each specirum is uniguely identified with respect to how it was created and
the path that it tock to arrive at the viewing destination. These insights give the users the power
o identify architeciure weaknesses and probiems iong before they are built into the product. In
other words, this is like having a super spectrum analyzer in the software that can look at signals,
intermods, or noise only, show phase and amplitude of individual frequencies, identify direction of
signal flow, and completely characierize who created the signal and the path it ook to gei there.

Documentation has been made much easier by using operating systerns such as Microsofi
Windows where schematics, tables, and graphs can be copied and pasted into documents and
spreadsheets. However, this is not sufficient if schematics become ciutiered with measurement
icons and text. Typically, the designers don’t want this detailed simulation-only information in
high-level documentation. Once again Eagleware has tried hard o keep the schematics clean so
they are of printable quality.

PF Architecture Design Example
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paths. Equations have been written to determine the complex impedance of the antenna based
on VEWR and the reflection coefficient angle. This impedance has been substituted into all
anteninas. A six-position switch is used fo select the antenna and the direction of power flow o
be exarnined by the receiver. Two IF ouiputs have been used for this design. The 1% IF is at 450
MHz and has no AGC. On the other hand, the 2™ IF is at 70 MMz and has an AGC amplifier.
Perhaps the 2™ IF could be used for demodulation of some other receiver funciions and the 15
output could be used to drive a power detector. Cost is an issue for this dasign and so a resistive
splitter has been used as well as several low pass filters. See Figura 4.
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Vigure 4 - Schematic of 3 Sector 5.8 GHz TX Power / YSWR Tester

At the maximum transmit power which is +30 dBm, we can plot the dynamic range of each stage
along the path for IF #1 oulput. From Figure 5 we can guickly see that the amplifier beiwesen
nodes 27 and 21 is in compression. As a matter of fact an orange colored schematic symbol
means that ithe component has a warning. This will quickly alert users to potential issues. We
could deubie click on the ampilifier symbol right in the level diagram and change its requirements
or we can change the parameters of any of the other stages if needed.
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Figure 5 - Headroom at Maxinmium Power for IF Ouipat #1

We can also look at the spectrumn at the minimum transmit power, which is +10 dBm. From
Figure 6 we can see that we definitely have some spectrum problems. Our desired modulated
signal at 450 MHz is not the most powerful signal in the spectrum. We would now want 1o ask
ourselves if the prior amplifier compression problem was only due to our desired signal or from
other sources. Looking at Figure 7 we can compare the channel power 1o the total node power
along the path. We can definitely se2 we have a problem with total node power since it is much
larger than the channel power at many of the nodes. In this case the betier architecture solution
wouid be 1o get rid of the exira spectral junk than just raise the compression point of the amplifier.

Cutput Spectrum of IF #1
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Figure 6 - Spectrum Output of IF #1 at Minimwm T Power
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Iigure 7 - Level Diagram of Channel and Total Node Power along Path

As can be seen we need to make an architeciure change to get ocur TX receiver 1o work correctly.
By placing the mouse on this strongest signal we can see that the worst offender is 'Sigh02’
which is the 2nd LO signal at 380 MHz. Furihefmcre we can also identify the path that this
offender tock o arrive at IF #1 outpul. This information shows us that the signal came through
the LO leakage of the 2 2" mixer then went through ihe passive splitter, filter, amplifier, attenuator,
and io the output. Smce we now know the exact problem we can select the best architecture
changes 1o fix this problem. In this case one of these three ways could be used:

) Better LO to RF isolation on the 2™ mixer
Betier isolation in the splitter {i.e. use of a Wilkinson instead of a resistive)
3} Change low pass fillers io a bandpass filters

Through the BF architecture sofiware the user can svaluzie the r‘erfﬁrmance fradecffs of ail the
potential soiutions.  After replacing the last low pass filter in the 1% IF with a band pass filter we
achieve the following perfarmance as shown in Figure 8. Notice the remarkable improvemert in
the spectrum. The hodgepodge of current simulation tools could not give the user this type of
insight into these architecture problems. Having complete identification of the problems available
to the designer gives them the power to provide the best architectural solution.
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Figure 8 - Quiput Spectrum of IF #1 after replacing a Low Pass Filter with a Band Pass

We can also look at the conducted emissions at the anienna as shown in Figure 9. Here we can
also identify issues and determine where the root problems are so we can address architeciure
issues early on in the design process.

Conductied Emissions
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Figure 9 - Conducted Emissions at the Antenna #1

Summary
Due to the limitations in printed space we have only identified a few of the features that the
¥
current HF architecture ool provides. A feature that allows the user to integrate any cortion of
the spectrum over any bandwidth is available as well as optimization of any RF measurement at
i ¥ !
any node aieng any path.  included in this tool are also yisid, sensitivity, and monie carlo
analyses.
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Througn this brief example it can be seen that the early identification of many problems can be
caught and the architecture optimized before committing to any type of hardware or requirement
specifications. Once specifications have bsen sent to hardware vendors and hardware is being
built any design changes cause time-to-market to slip and cost increases. Having an integraied
FIF architecture tool is the key that allows designers the ability to closely look ai the performance
of the entire RF chain for both static and dynamic cases before committing to any iype of
hardware.
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