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Introduction

The Analog Applications Journal (AAJ) is a digest of technical analog
articles published quarterly by Texas Instruments. Written with design
engineers, engineering managers, system designers and technicians in mind,
these “how-to” articles offer a basic understanding of how TI analog products
can be used to solve various design issues and requirements. Readers will find
tutorial information as well as practical engineering designs and detailed
mathematical solutions as they relate to the following applications:

¢ Automotive

¢ Industrial

e Communications

e Enterprise Systems
¢ Personal Electronics

AAJ articles include many helpful hints and rules of thumb to guide readers
who are new to engineering, or engineers who are just new to analog, as well
as the advanced analog engineer. Where applicable, readers will also find
software routines and program structures and learn about design tools. These
forward-looking articles provide valuable insights into current and future
product solutions. However, this long-running digest also gives readers
archival access to many articles about legacy technologies and solutions that
are the basis for today’s products. This means the AAJ can be a relevant
research tool for a very wide range of analog products, applications and
design tools.
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Using op amps to reduce
near-field EMI on PCBs

By Todd Toporski
Analog Applications

Introduction

Automotive, industrial, medical, and many other applica-
tions use sensitive analog circuits that must perform their
function while remaining immune to noise disturbances in
their local environment. Many of these disturbances occur
on nearby “noisy” circuits located on the same printed
circuit board (PCB), while other interference can be
picked up by cable interfaces that couple noise onto the
PCB and its circuits.

One of the best ways to reduce electromagnetic inter-
ference (EMI) on PCB designs is through intelligent use of
operational amplifiers (op amps). Unfortunately, op amps
are often overlooked as a tool for reducing EMI in many
applications. This may be due to the perception that op
amps are susceptible to EMI and that extra steps must be
taken to enhance their immunity to noise. While this is
true of many older devices, designers may not be aware
that newer op amps often have superior immunity perfor-
mance over previous generations. Designers also may not
understand or consider the key benefits that an op amp
circuit can provide for reducing noise in their system and
PCB designs. This article reviews sources of EMI and
discusses op amp characteristics that aid in mitigating
near-field EMI on sensitive PCB designs.

EMI sources, victim circuits, and coupling
mechanisms

EMI is a disturbance caused by a source of electrical noise
that impacts a second electrical circuit in an unintentional
and often undesirable
manner. In all cases,
an interfering noise
signal is either a

regulators, LED circuits, and motor drivers operating in
the tens to hundreds of kilohertz range. A 60-Hz line noise
is another example. Sources transfer noise to victim
circuits through one or more of four possible coupling
mechanisms. Three of the four are considered near-field
coupling, including conducted coupling, electric-field
coupling, and magnetic-field coupling. The fourth mecha-
nism is far-field radiated coupling, in which electromag-
netic energy is radiated over multiple wavelengths.

Active filtering of differential-mode noise

Active op amp filters can significantly reduce EMI and
noise on a PCB within the bandwidth of the circuit, but
they are underutilized in many designs. The desired
differential-mode (DM) signal can be band-limited while
unwanted DM noise is filtered out. Figure 1 demonstrates
DM noise coupled into an input signal through parasitic
capacitance (Cp). The combined signal and noise is
received by a first-order active low-pass filter. The differ-
ential op amp circuit has its low-pass cutoff frequency set
just above the desired signal bandwidth by R2 and C1.
Higher frequencies are attenuated by 20 dB per decade.
Higher-order active filters (for example, —40 or —60 dB/
decade) can be implemented if more attenuation is needed.

Resistor tolerances of one percent or lower are recom-
mended. Likewise, capacitors having very good tempera-
ture coefficient (NPO, COG) and tolerances of 5% or
lower are preferred for best filter performance.

Figure 1. DM and CM input noise applied to active op amp filter
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Reducing input common-mode noise

In Figure 1, common-mode (CM) noise sources also
present noise at the circuit’s input. CM noise can be
described as a noise voltage that is common (or the same)
at both op amp inputs, and is not part of the intended
differential mode signal that the op amp is trying to
measure or condition. CM noise can occur in a number of
ways. One example is a system where the ground refer-
ence of one circuit is at a different voltage potential than a
second circuit to which it is interfacing. The difference in
“ground” voltages may be in millivolts or many volts, and
can also occur at many different frequencies. These differ-
ences in voltages cause unintended voltage drops and flow
of currents that can interfere with the connected circuitry.
Cars, aircraft, and large buildings with many circuits are
often susceptible to this type of interference.

A key advantage of op amps is their differential input
stage architecture, and their ability to reject CM noise
when configured as a differential amplifier. Common-
mode rejection ratio (CMRR) is specified for every op
amp, but total CMRR of the circuit must also include the
effects of input and feedback resistors. Resistor variation
strongly impacts CMRR. Therefore, matched resistors
with tolerances 0.1%, 0.01% or better, are needed to
achieve a desired CMRR for the application. While good
performance is achievable using external resistors, use of
instrumentation or differential amplifiers with internally-
trimmed resistors is another option. For example, the
INA188 is an instrumentation amp with internally trimmed
resistors and high CMRR of 104 dB.

In Figure 1 the CM noise (VoM noise = VoM = Vemz) can
be rejected by CMRR of the op amp circuit if the noise is
within the active bandwidth of the circuit. The level of
rejection depends on accurately-matched resistors to be
chosen for R2/R1. Equation 1 can be used to determine
CMRRroTAL, Which includes the effects of resistor toler-
ance (Rpop,) and op amp CMRR as specified in the data
sheet. For example, if the op amp data sheet specifies its
CMRR(dB) = 90 dB, then (1/CMRR zyp) = 0.00003. In
many circuits, resistor tolerance will be the main limiting
factor to achieve a target CMRRorAL

Texas Instruments
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Equation 1 is derived from an equation in Reference 1
for CMRR of an ideal op amp, in which the CMRR py;p term
is assumed to be very large (infinity). For an ideal op amp,
the (1/CMRRyp) term is zero and CMRRrgrar, is based
only on resistors and Ay. CMRRpgrar, can be converted to
dB using Equation 2.

l(1 +Ay)
—(1+Ay) +9| ~TOL
2 CMRR yp 100
CMRRorar, (dB) =20log; (CMRRTOT AL) @)

where Ay = closed-loop gain of the op amp, Rror, = %
tolerance of R1 and R2 (for example, 0.1%, 0.01%,
0.001%), and CMRRsp = data-sheet specification for
CMRR in decimal form (not dB).

Enhancing immunity to RFl and other high-
frequency EMI

As shown in previous sections, active filtering and CMRR
can reliably reduce circuit noise in the device’s band-
limited range, including DM and CM EMI up into the MHz
range. However, exposure to RFI noise above the intended
operating frequency range may cause non-linear behavior
in the device. Op amps are most susceptible to RFI on
their high-impedance differential input stage because DM
and CM RFI noise can be rectified by internal diodes
(formed by p-n junctions on the silicon). This rectification
creates a small DC voltage or offset that is amplified and
may appear as an erroneous DC offset at the output.
Depending on the accuracy and sensitivity of the system,
this may create undesirable circuit performance or
behavior.

Fortunately, enhancing op amp immunity (or reduc-
ing susceptibility) to RFI can be achieved using one
of two methods. The first and best option is to use an
EMI-hardened op amp that includes internal input filtering to
reject noise in the range of tens of megahertz up to gigahertz.
More than 80 TI devices exist today and can be found by
searching “EMI Hardened” devices on the TI op amp paramet-
ric search engine. More details on EMI-hardened op amps can
be found in References 2 and 3.
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The second option is
to add external EMI/RFI
filters to the input of the
op amp. This may be the
only option if a design
requires using a device
that does not include
internal EMI filters.
Figure 2 shows a stan-
dard difference-amplifier
configuration using
external DM and CM

R1

Figure 2. Passive EMI/RFI input filters improve high frequency immunity
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filters are added, R3
resistors are typically needed to prevent the
Cpwu capacitor from reducing the phase margin
of the amplifier. The DM low-pass filter consists
of both R1 resistors, Cpy;, and both Cgy capaci-
tors. The CM low-pass filter uses both R1 resis-
tors and both Cgy capacitors.

Equations for the —3-dB cutoff frequencies
of the DM and CM filters (f¢_py and f_cy) are
shown below. f;_py is set at a frequency above
the desired bandwidth of the op amp circuit,
and Cpyy is typically determined first. Cgy
capacitors are then chosen to be at least ten
times smaller than Cpy; to minimize their impact
on f_py, and because Cgy capacitors are target-
ing higher frequencies. As a result, fs gy will be
set to a frequency higher than f; py. Note that
an EMI-hardened device can be used to elimi-
nate the components boxed in red and simplify
the design.

Audio
Input

Audio Input (V)

1
fo_pm = 2m(2R1)(2Cpy +2Ccy)

©)

1

oM = S (RI) (Co) @

ADC Input (V)

Low output impedance reduces
interference
Another important characteristic of op amps is

Figure 3. Clock noise source and audio victim circuit
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their very-low output impedance, typically a few

ohms or less in most configurations. To understand how
this is beneficial for reducing EMI, consider how EMI
impacts low- and high-impedance circuits.

The diagram in Figure 3 represents two circuits. The
first is an audio circuit that represents the input of an
analog-to-digital converter (ADC) is comprised of a 1-Vp_p,
2-kHz sinusoid (Vg1), 600-Q source impedance (Rg;), and
a 20-kQ load impedance (Ry,;). Source impedances like
600 Q are common in audio applications for sources such

Texas Instruments

as microphones and high-input impedances like 20 kQ are
common for audio ADCs. The second circuit is a 100-kHz
clock source driving a 3.3-V clock signal (Vgo) with a
series-termination resistor of 22 Q (Rgs) and load imped-
ance of 500 kQ (Rp2). The high-impedance load repre-
sents the digital input of another device.

In a real system, I2C serial bus clocks in the 100- to
400-kHz range are common around audio ADCs and
circuits. Although 12C clocks are typically driven in bursts
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(not continuously), this simulation shows the possible
impact during the time the clock is driving. A clock routed
near a sensitive audio trace is a real possibility on high-
density audio and infotainment PCB designs. For capaci-
tive coupling to occur, it takes only a few picofarads of
parasitic PCB capacitance to inject clock noise current
into the victim audio signal. This is simulated using only
1 pF of parasitic capacitance, as shown in Figure 3.

How can noise be reduced in the audio circuit? As it
turns out, reducing the impedance of a victim circuit is
one way to reduce its susceptibility to coupled noise. For
circuits with relatively high source impedance (> 50 Q)
coupled-noise can be reduced by minimizing the source
impedance seen by the circuit load. In Figure 4, a non-
inverting configuration of the OPA350 is added to the
circuit to buffer the signal and isolate the source imped-
ance from the load. Compared to 600 €, the output
impedance of the op amp is very low, which significantly
reduces the clock noise.

Don't forget the importance of decoupling

Adding decoupling capacitors to power supply pins is
extremely beneficial in filtering high-frequency EMI noise

Automotive

and enhancing the immunity of the op amp circuit. All
figures in this article show decoupling capacitor Cp as part
of the circuit. While the subject of decoupling can get
complex very quickly, a few good “rules of thumb” apply
to any design. In particular, select capacitors with the
following characteristics:
(a) Very-good temperature coefficient, such as X7R, NPO,
or COG

(b) Very-low equivalent series inductance (ESL)

(c) Lowest possible impedance over the desired fre-
quency spectrum

(d) Capacitor values in the 1- to 100-nF range usually
work well, but criteria (b) and (c) above are more
critical than the capacitor value.

Placement and connections are just as critical as the
selected capacitor. Place capacitor as close to the supply
pins as possible. Connections to PCB supply/ground
should be as short as possible with short traces or via
connections.

Figure 4. Op amp circuit reduces EMI from clock source

Vp )
+5V
— Co
R1 10k Q l
* + Victim Circuit (1)
. i o ADC_IN
c11pF—= 10K R3 U1 0PA350
RS1 10k2 | Rat0ke Cp1pF
600 Q VREF W
+2.5V R Riy
Audio v L S2 _ CLK 20 kQ
Input s1 - ¢ °©
100-kHz At #9
Clock vs, Noise Circuit (2) =R
Driver 500 kQ
L N j
= C; = Parasitic capacitance between circuits 1 and 2
=4
3
2 / ~
13 Vsy: 2-kHz Audio In \
o
2
3 e
<
_ 4
2
5
g
& ADC_IN: Audio without clock noise
Q \—-
<
1 . . T . .
0 100 200 300 400
Time (ps)
Texas Instruments 1 AAJ 102016


http://www.ti.com/aaj

Analog Applications Journal

Conclusion

Op amps can help to reduce near-field EMI on a PCB and

enhance the system design. Here are some key points to

consider for any design:

e Reduce input DM noise from cables/circuits using a well-
chosen active filter configuration (Figure 1).

e Reduce input CM noise from cables/circuits by selecting
an op amp with high CMRR and using precision matched
resistors (Figure 1, Equations 1, 2).

e [Further enhance immunity to high-frequency EMI or
RFI (both DM/CM noise) by selecting an EMI-hardened
device, or by using external passive EMI/RFT filters
(Figure 2).

e Use the low impedance of the op amp output to reduce
coupled noise when driving the signal to other circuits
on the PCB.

e Finally, reduce supply noise by using a proper decou-
pling strategy for the op amp and all other circuits.

Texas Instruments
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Design considerations for resolver-to-digital
converters In electric vehicles

By Ankur Verma, Applications Engineer

Anand Chellamuthu, Design Engineer, Mixed Signal Automotive

Introduction

A resolver is an angular position sensor that is commonly
used in harsh, rugged environments. A fully electric
vehicle (EV) may use multiple resolvers for a variety of
control systems that perform rotary motion and additional
resolvers may be required to create system redundancy
for safety.l!l! A resolver-to-digital converter (RDC) inter-
face processes the analog output of the resolver sensor
and communicates it in digital format to the engine control
unit (ECU) in an EV. When designing an RDC interface, it
is important to select the right RDC architecture to ensure
that the circuit operates consistently under stringent
conditions (such as vehicle acceleration). This article
presents an overview for the architecture of a RDC inter-
face circuit. The PGA411-Q1 is an example of the RDC
interface circuit described.?! Included is a review of the
basic principles involved in designing an RDC interface, a
discussion of RDC architecture that is based on a digital

tracking loop, and special design considerations are
covered for an EV application. Also included is a perfor-
mance comparison of the PGA411-Q1 with RDC architec-
ture versus a 19-bit optical encoder.

Resolver-to-digital conversion principle

As shown in Figure 1, a resolver sensor has one rotor
winding (R1-R2) with the exciter sine wave that is
AC-coupled to two stator windings. The stator windings, a
sine coil (S2-S4) and a cosine coil (S1-S3), are mechani-
cally positioned 90 degrees out-of-phase. As the rotor
spins, the rotor position angle (®) changes with respect to
the stator windings. The rotor and stator windings have a
turns ratio in the order of 30%. The resulting amplitude-
modulated signals shown in Figure 1 are typical resolver
output signals. These signals must be gained, demodu-
lated and post processed to extract angle and velocity
information.

Figure 1. Representation of resolver signals: exciter, sine, and cosine
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Definitions: P = number of poles, N = revolutions per minute (RPM), t = time,
fc = excitation frequency, and a = constant
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RDC architecture

Figure 2 shows an RDC architecture that converts analog
resolver signals into digital angle and velocity outputs. The
analog front end (AFE) consists of programmable gain
amplifiers and a comparator. The AFE block conditions
the output signals of the resolver by removing noise, sets
correct input DC bias, and appropriately gains up the AC
signal to be used by the subsequent blocks. A digital feed-
back loop is the main part of the RDC conversion. It starts
by assuming a digital angle, phi. This angle is digitally
processed using the sine and cosine lookup tables stored
in memory. This in turn is fed to the corresponding sine
and cosine digital-to-analog converters (DACs). The DAC
outputs are multiplied with the amplitude-modulated
resolver signals (Equations 1 and 2), which are the sine
and cosine inputs to the RDC.

Resolver sensor sine signal = sin © x sin wt (D

Resolver sensor cosine signal = cos © x sin ot )

where © = resolver shaft angle and ® = excitation
frequency applied at R1-R2.

The main objective of the RDC architecture is to calcu-
late the rotation angle (®) and the velocity of the resolver
shaft. As shown in Figure 1, angular position information
is extracted from the envelope or voltage peaks of the
input sine and cosine signals. In order to calculate the
angle, sine © is multiplied by a feedback signal (cosine @),
where ¢ is the assumed angle resulting from the lookup
table in the memory. Similarly, cosine © is multiplied by
the feedback signal (sine ¢). The purpose of this multipli-
cation is to solve the general formula:

(sin A x cos B) — (sin B x cos A) and create sin (A — B).

Automotive

€pulse = Sin (A - B), or
(K x sin ® x sin ot x cos @)
— (K x cos © x sin ot x sin ¢) )
Epulse = K x sin @t x (sin © x cos @ — cos © x sin @)
=K x sin ot x sin (0 — @)
where ¢ = approximation of the resolver angle and
K = a constant.

The output of the differential comparator is in digital
form and is directly fed into the digital blocks to eliminate
the carrier wave or the sin ot component with a synchro-
nous detection circuit. This synchronous detection block
uses the exciter feedback signal as the reference. The
resulting output, V(pERR, goes into the digital tracking
control loop to generate the desired angle output.

V(pERR =K x sin (@ — (p) (4)

The negative feedback of the control-loop configuration
employed in this RDC architecture helps to continuously
reduce the V(PERR signal to be very close to zero. For small
values of © — @, V(PERR is very near zero. Thus, the digital
feedback loop continuously corrects itself, making the
error close to zero so that the assumed RDC output angle
(¢) is equal to the resolver shaft angle ().

As shown in Figure 2, the Verrr signal is fed into a
PI-control loop (Type II direct servo loop). Many control
topologies for implementing loop tracking are possible.

One of the commonly used feedback control configura-
tions is known as integral action.”® 4 The advantage of this
control configuration is its ability to reduce the steady-
state tracking error to nearly zero. However, precautions
must be taken because slightly excessive integral gain can
cause oscillations in the system or even instability. This

Figure 2. Simplified resolver-to-digital converter (RDC) architecture
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issue is addressed by adding another widely used propor-
tional control known as proportional plus integral control
(PD).

PI control is typically implemented as shown in Figure 3.8l
It helps bring steady-state error to zero and has improved
transient response. Because of the added benefit of
proportional control, it also does not cause any offset and
leads to faster response than integral control alone.

Example application: Electric vehicle

Motor control action is an integral part of an EV. Communi-
cating the motor position information accurately and
quickly is essential. The resolver attached to a motor shaft
tends to change its output very quickly. Hence, the RDC
architecture must be designed to follow this change.

Figure 3. Example of a Pl control loop

Automotive

Typically, the most critical component of the RDC archi-
tecture that determines how fast this can happen is the
digital tracking loop.

To determine the behavior of the tracking loop, it is
important to understand a key term, settling time. When
the resolver output signal changes rapidly, the converter’s
step response is determined by the phase margin and gain
margin of the control loop.[! Settling time is a quick perfor-
mance indicator of the RDC’s control system. Figure 4
shows a settling-time example of an RDC feedback control
system with a step-input change shown in black. The blue
signal shows normal-mode response for the circuit in
Figure 3 and the red signal shows response during accel-
eration mode (rapid change in angle), which is described
on the following page.

J
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Figure 4. RDC step-response settling time
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In order to follow the rotation angle under rapidly
changing conditions, another loop-acceleration block is
added in Figure 5 that can change the control-loop feed-
back gain. The higher-gain option helps the control loop to
track a fast rotation angle much easier. In the acceleration
mode (red signal in Figure 4), the proportional gain is
increased by several times compared to the normal mode.
Several diagnostic features are also added to alert the
system if the signal integrity of the exciter and sine/cosine
coils have been compromised.

Error sources that affect system accuracy
The errors can be categorized into three groups:

Group 1: Resolver sensor placement

e Sensor’s mechanical construction: Static error is gener-
ated by manufacturing variations.

e Coil imbalance: The output voltages of the sine and
cosine coils could be imbalanced and result in an error.

e Misalignment of resolver sensor: The resolver may be
incorrectly mounted and lead to static error in the
system.

Group 2: RDC architecture

The RDC architecture can cause static and dynamic errors
in the system. The time delay from the input of the
resolver signal to the output of the angle data also can

Figure 5. Pl control with acceleration block
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cause errors in the system. For example, the input filter is
used to decouple noise from the system. The delay caused
by the filter circuit or the filter time constant may result in
angular displacement during high-speed resolver opera-
tion. Therefore, be careful when selecting any common-
mode capacitors that are added to the circuit to filter out
noise. These common-mode capacitors can significantly
affect phase relationship of the resolver signals and cause
an imbalance between sine and cosine outputs, which can
cause an error in the RDC output angle.

In addition, offset drifts in the AFE and linearity of the
DACs can significantly affect the accuracy of the
converted angle.

Group 3: Environmental factors

The external magnetic field from the motor-control circuit
and high-voltage support in the EV can affect the resolver
sensor’s magnetic-coupling action and cause an error.
Cable shielding is commonly used to prevent resolver
signals from becoming affected, along with filter design at
the input of the resolver converter to cut off any
unwanted signals. The ability of the RDC architecture to
reject common-mode noise is critical. Otherwise, the noise
shows up on the signal-to-noise floor of the RDC, affecting
the signal-to-noise ratio (SNR) and total harmonic distor-
tion (THD) performance.

Error-Pulse Post
Demodulation B> />_<\ Kp @ / f Angle
Delayed p————¢ 'kj - 716 Output
Reference Pulse A K Integrator
f I |
Scale
Integrator Velocity
Pl Controller (Type 1) 716~ Output
y
Sample W ><
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Integrator
Loop Acceleration A=1—0 !
1
Acceleration Mode ON/OFF
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Figure 6. Measured RDC performance compared to a 19-bit optical encoder

Automotive
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RDC performance versus a 19-bit optical encoder

To better understand the performance of the resolver
system, the results of a 12-bit RDC were compared to a
19-bit optical encoder. The mechanical set up included an
example resolver and optical encoder mounted on the
same shaft. Relative position difference was measured and
plotted (Figure 6). The relative difference rules out any
common-mode noise in the system that may cause the
absolute values to misalign. The errors between the abso-
lute angle deviation of the measured 16-bit RDC and the
19-bit optical encoder are less than +0.25 degrees.
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Automating amplifier circuit design

By Bonnie C. Baker
WEBENCH® Senior Applications Engineer

Introduction

The semi-expert techniques for automating amplifier
circuit designs calls for a combination of hard specification
requirements and judgement margins. A design tool must

Figure 1. WEBENCH® Amplifier Designer
operational amplifier design circuits

support these techniques to zero in on the appropriate '\I/R\é\l

operational amplifier (op amp) and external components.

Figure 1 shows two fundamental circuit examples that Vin R1

implore this type of tool. VVV Op Amp Vour

Yes, these are simple topologies — but the difficulty is in VRer
the detail when selecting amplifiers and external compo-
nents to meet the performance criteria for the application.

+

Requirements: Mapping from many to one Rl

The ultimate task is to find the perfect op amp for an
amplifier circuit. In the case of selecting amplifiers from AN,
Texas Instruments, this challenge requires the designer to R2
sort through approximately 1300+ op amps. These ampli- " R1
fiers come with many variations on their electrical perfor- REE_ A\ _
mance and specifications. The key specifications include Op Amp ——Vour
power-supply ranges, bandwidth, input/output swing limits, —+
and others. On top of these hard constraints, most ampli-
fier choices use a series of overlapping issues, such as
accuracy, noise, power, temperature drift, and/or IC cost.
Starting from ground zero, the first task is to sort ampli-
fiers according to basic suitability for the final design. As
step one, the designer identifies the
basic-circuit operational values. These
values can be entered using a web-
based amplifier design tool, such as
the WEBENCH® Amplifier Designer

(c) Non-inverting circuit

Figure 2. Amplifier Designer Requirements
page for user’s data-entry activities

AMPLIFIER DESIGNER REQUIREMENTS

(Figure 2). S p———
On the Amphfler Designer e Sty A Positive Supply(Vec): 5| V Positive Supply Tolerance: 5 %
. . ! Bt S - -~
Requirements page (Figure 2), fields e W - gl N
T
that must be completed are: T opit Votage Linis, Output orage L
Input/Output _) Input Voltage Limits, Gain Vin Max: 2
° POWGI‘ squly Voltages Voltages ) Input Voltage Range, Output Voltage Range  Vout Min v
e (Circuit input and output signals | O mputvotage Range, can o Y 56 fansier Sharacirisic
e QOutput load conditions ST o G
e Small-signal output bandwidth Wiks ik whiow sy e
These design requirements allow the Closea Loop Gain: 2000 WV :
Amplifier Designer software to select - e .
an appropriate op amp for the amplifier Tondliene: e o Max Sourcs Current: 7 ma S - : . - -
CH‘CUlt d Voltage Reference ed Closed Loop Bandwidth Vin(v)
. Rec: nded Vref:  0.000 V. small signal: 10 4_ Small Signal Bandwidth
As a start, the provided power
supply voltages can eliminate devices R folhextipagesen

with supply voltages that are out-of-
range. For example, the input values

in Figure 2 may be for a dual-supply, +5 V. From this infor- power-supply ranges greater than 10 V. Additionally, the
mation, the software eliminates op amps with maximum amplifier selection process removes amplifiers with
power-supply ranges below 10 V, and minimum excessively-high power-supply ranges.
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As for the amplifier’s input stage, the design tool
ensures there is no violation to the op amp’s common-
mode range. With the output stage, the software makes
sure that signals remain within the rail limits of the power
supply, while taking a further step to ensure that the
output swing is within the candidate-amplifier’s linear
region. To achieve this, the software uses the amplifier’s
output load conditions.

The tool offers four data entry styles for input voltages,
output voltages, and gain. It also accommodates individual
designer preferences as shown in Figure 3.

For the last data entry, the design tool uses the small-
signal bandwidth to identify suitable amplifiers. In an

Industrial

effort to take the amplifier’s process variations into
account, the applied guard band for this specification is
approximately 20 percent.

These data inputs were used for the discussion on the
following pages:

Veg =12V

Ve =0V

VINMiIl =556V

VINMaX =65V

VOUTMiD =05V

VoyrMax = 11.5V

[oyt source/sink current = 1 mA

Small signal bandwidth = 500 kHz

Figure 3. Voltage input and voltage output styles

Desired Input and Output Requirements
@Input Voltage Limits, Output Voltage Limits Vin Min: 2 Vv
L) Spe Volages! it i S 20 a) Voltage inputs for the system
: minimum/maximum input and
() Input Voltage Range, Output Voltage Range Vout Min: 4 V output values
() Input Voltage Range, Gain Vout Max: 4| Vv

b) Voltage input range for the
system minimum/maximum

input and gain
() Input Voltage Ran

(U Input Voltage Ran

(_) Input Voltage Limits, Output Voltage Limits

@ Input Voltage Limits, Gain

Desired Input and Output Requirements

(_) Input Voltage Range, Gain

Desired Input and Output Requirements

() Input Voltage Limits, Output Voltage Limits Vin pk-pk:
(U Input Voltage Limits, Gain Vin Midpoint:
@Input Voltage Range, Output Voltage Range Vout pk-pk:

Vout Midpoint:

Vin Min: 2 |
Vin Max: 2| ¥
ge, Output Voltage Range  Closed Loop Gain: 21
ge, Gain
1|V
1| ¥ c) Voltage ranges for the input
and output in the form of
2| ¥ peak-to-peak and midpoint
voltages
2 v

d) Voltage input range in the
form of peak-to-peak voltages
and system gain

() Input Voltage Limits, Output Voltage Limits
(_) Input Voltage Limits, Gain

(_) Input Voltage Range, Output Voltage Range

{ ‘\D}Input Voltage Range, Gain

Desired Input and Output Requirements

Vin pk-pk: 1| ¥
Vin Midpoint: 1| ¥
Closed Loop Gain: 7

g
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Screening op amps to target: Visualizer screen

The next design screen was obtained by clicking the
Create Amplifier Design button.

Create Amplifier Design

During the transition from the view in Figure 2 to
Figure 4, the software determines the resistor values in
the target op amp circuit. It is easy to assign a generic
feedback resistor (R2) value of 1 kQ. However, a better
general guide is to assign the values according to Table 1.

Table 1. Appropriate voltage-feedback amplifier (VFB)
R2 resistance values

Gain bandwidth R2
Gain bandwidth < 0.01 MHz 1 MQ
0.01 MHz < Gain bandwidth < 0.1 MHz 100 kQ
0.1 MHz < Gain bandwidth < 10 MHz 10 kQ
10 MHz < Gain bandwidth <100 MHz 1 kQ
100 MHz < Gain bandwidth < 1 GHz 500 Q
1 GHz < Gain bandwidth < 10 GHz 200 Q

The algorithms that produce the Amplifier Designer
Visualizer screen shown in Figure 4 create a reduced list
of op amps. The order of the amplifiers listed depends on
which optimizer parameters have been selected.

On the top left of Figure 4 is a list of input Design
Criteria and to the right is the Optimizer box.

Figure 4. Amplifier Designer Visualizer screen

Design Criteria

Industrial

The Optimizer box has three pull-down menus with the
following options to set design priorities:

e Precision

e Noise

e Temp Drift

e Supply Current
e Cost

The question to ask is, of these five characteristics in
the Optimizer pull-down menus, which is the Very
Important, Important, and Less Important? When the
choice is completed, the Solution Table in Figures 4 shows
updated results.

Additionally, further criteria refinements are possible
with the menu in the upper right corner of Figure 4. The
choices available in this area are:

e Package Group
e Number of Channels
e Shutdown Pin

The selections in this section are self-explanatory,
however, these selections further reduce the list of
amplifiers.

When the Optimizer menu options are changed such
that Precision is selected as Very Important, Temp Drift as
Important, and Supply Current as Less Important, the
OPA140 should appear near the top of the list in the
Solution Table.

Refine

Optimizer Results

Design Criteria schematic

Topology: General Non-inverting Amplifier

VinMin: 2 V  VoutMin: 4 V

vinMax: 2V Ve

Closed Loop Bandwidth: 10000 Hz Qvin" VEE

ax 4V VREF oy
ClosedLoopGain: 2 VIV
Voltage Reference: 0V

AMPLIFIER DESIGNER VISUALIZER

Components

Refine Results

OpAmpIC: LM224AD
R1: 10000 ohms

R2: 10000 ohms

ion | CMRR (dB)

Solution

Table
—

(uvrms)

LM224AN 70 100 1003.19 179
L2240 [ Ope 0 100 1003.19 179
L2240 o n 0 100 1003.19 179
LM24N en Design 0 100 1003.19 179
LM29020 50 100 1003.19 179
LM2902M 50 100 1003.19 179

LM2902MT 50 100 1003.19 179

LM2%02N en Design 50 100 1003.19 179

PSRR (dB) | Total Output | Power (mw) | Temporift | Outputoffset| Circuit
Noise wie) | (my

Max Power IC Cost (USD) Shutdown | Channels
Bandwidth | Supply (V) Pin
(MHz)

2000 0.500 2 3 POIP s0.11 No

000 0.500 » 3 soic s009 No
00 0500 » 3 o 388 Yo
400 0500 » PoIP s010 o
400 0500 » soic s009 No
4000 0500 » soic s0as ™

4.000 0.500 % TSS0P 5061 No

4.000 0.500 2% 3 DIP $0.10 No
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Designer summary screen

The next step is to proceed on to the Amplifier Design
Summary screen. For the following discussion, the Open
Design button was selected for the OPA140 in the Solution
Table of the Visualizer screen.

Open Design

At this point, the amplifier has been selected and the
circuit fully defined. The Amplifier Designer Summary
screen (Figure 5) allows exploring the theoretical feasibil-
ity of the design.

The center bar in Figure 5 shows selection tabs for
viewing Calculated Performance Analysis, Calculated
Performance Values, and the Bill of Materials.

The Calculated Performance Analysis segment produces
input/output graphs as shown in Figure 5. There are menu
selections to view AC, sine and square-wave graphical
responses. These curves are not a result of a simulation;

Figure 5. Amplifier Designer Summary screen

Industrial

rather the page shows calculated theoretical graphs. The
intent is to provide a quick look at the circuit’s behavior
before proceeding any further.

The Calculated Performance Values tab allows viewing
circuit characteristics in seven categories:

1. Design criteria

. Operating frequency values

. Power requirements

. Vod/ly, error

. Vour gain versus resistor tolerance
. Error over temperature

N O O =~ W Do

. Total output noise

Within these seven categories, there are calculated
performance values. For instance, the operating frequency
values (#2 above) provides the amplifier bandwidth,
amplifier slew rate, closed-loop bandwidth, and full-power
bandwidth (FPBW).

Design Criteria
VinMin| -2V
VinMax 2V
Voutlin 4V

AMPLIFIER DESIGNER SUMMARY

Design
Dual Supply Hon-Inverting Amplifier

AVE  screct Atternate Gain

LM7321MFINOPE  Quad device

Calculated Performance Values
Bill of Materials

Voutlex 4 ; s [E [spowrms |
Closed Loop Gain| 2VW |
=
Current Design: #4143
Mame: Your LM7321MF/MOPB General Non-in
Hotes: R
W
- |
T Amplifier Topology Specification b
Select Passive S s ™
Component Res Tolerance: |__£98(1%) | v 1 1
Tolerances =3 = —
L L
Calculated Performance Analysis Calculated Performance Values Bill of Materials.
Select Waveform: () AC (=) Sine () Square Input Signal Chart Output Signal Chart
2 1
DC Voltage: 0 Volts
2
Amplitude: 2 Volts L v
Fraquency: 1000 Hz 12 1]
a
w :
g
2, £
. [ 4 q:
Calculated Performance Analysis g™ ki
F

000516 4B0s4 Eed Lised 1S0e3 20083 233 2783

000516 40054  B00sd 11563  160e3 203 2383 273
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Figure 6. Amplifier Designer Simulation screen
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Amplifier designer simulation

To proceed to the TI SPICE simulation screen, click on the
Sim button at the top of the screen (not shown in Figure 5).

Y

Sim

The Amplifier Designer ports the complete circuit to the
simulation screen. The Amplifier Simulation environment
(Figure 6) uses Texas Instruments PSPICE® models while
providing six simulation options:

1. Sine wave

2. Step response

3. Closed loop response

4. DC sweep

5. Total noise

6. Group delay
With all of these simulation options, the Amplifier
Designer provides the appropriate signal sources. There
are options to modify the magnitudes, frequency, and
timing of these sources.

Texas Instruments 18

If this simulation environment is not suitable, it is possi-
ble to download the circuit into a TINA-TI™ environment.
WEBENCH® Amplifier Designer offers this export option
by clicking on the Sim Export button at the top of the
simulation screen (not shown in Figure 6).

fam

Sir Expon

Conclusion

The WEBENCH Amplifier Designer tool automatically
performs the basic analysis and product-selection activi-
ties that designers would normally perform in their circuit
design activities—but it takes the process a step further. It
offers a comprehensive evaluation of the new circuit,
making it easy to fit the amplifier design into the rest of
the system design.
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JESD204B over optical fiber enables new
architecture for phased-array radars

By Matt Guibord
System Engineer, High-Speed Data Converters

Electronically controlling the beam direction of a phased-
array antenna has been in use since the mid-twentieth
century. However, most antennas still rely on analog
methods to steer the beam.!!! The next step for phased-
array radar is to achieve full digital control of the beam,
often called a “digital phased-array radar.” A digital phased
array requires every antenna element to have its own data
converters. Analog phase-shifting is no longer performed
between the antenna and data converters in this architec-
ture. Instead, phase-shifting and beamforming are
performed using purely digital functions.

Digital phase shifting and beamforming enables the
formation of multiple beams and can allow multiple
frequency bands to be used for multi-target tracking or
simultaneous missions. Aside from flexibility, there are
also performance reasons to move toward digital arrays.
For one, the imperfect analog phase shifters and beam-
forming elements are replaced by precise digital phase-
shifting and beamforming for improved sidelobe rejection.
Additionally, clutter rejection is improved because of
decorrelated analog-to-digital (ADC) and digital-to-analog
(DAC) converter noise and distortion at every antenna
element.!

The biggest roadblocks for building digital arrays are
size, power, and processing ability. Each element, includ-
ing data converters and other analog components, must be
small enough to allow elements to sit half a wavelength
from each other (Table 1). Such tight spacing raises
thermal concerns, creating a requirement for low power
consumption. Lastly, the required processing power for
digital beamforming is significantly higher than analog
beamforming, due in
part to digital phase
shifting and beamform-
ing, but also due to the

Figure 1. Phased-array antenna element with optical JESD204B interface

FPGAs are large, power hungry and noisy, especially with
increased processing requirements. So it is undesirable to
have one sitting at the array near sensitive analog compo-
nents. Depending on usage, an FPGA can consume up to
tens of watts of power, creating thermal issues and likely
requiring bulky heat sinks or other advanced cooling
methods. Instead, a preferred architecture moves the
FPGA off the array and connects to the data converters
directly through optical fiber. This architecture has
recently become possible due to the adoption of the
JESD204B interface in data converters (Figure 1).

JESD204B is a serialized data-converter interface that
can operate at up to 12.5 Gbps over multiple current-
mode logic (CML) lanes. The physical interface used is
similar to that used by gigabit Ethernet protocols and,
thus, lends itself well to use with optical transceivers.
Using optical transceivers can extend the reach of the
otherwise short-reach interface to greater than 100 meters.
It is clear that placing an optical transceiver at the array to
connect to the data converters and another at the FPGA
can enable digital phased-array radar without the need for
an FPGA at the antenna array.

Table 1. Antenna element spacing versus operating band

Radar Operating Band Mammumsl-l\)l;t;r:;a-Elemem
L-band 150 mm
S-band 75 mm
C-band 37.5mm
X-band 18.75 mm

significantly higher
amount of data from
the ADCs.

There are a number
of potential architec-
tures that could be used
in digital phased-array
radars. For instance,
discrete data converters
can be connected to

Antenna Element

>®
O
<®

DAC

> 100 meters

\\

JESD204B Over
Optical Interface

v

Processing Center

FPGAs, all sitting at the
antenna array. However,
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A simplistic board placement shown in Figure 2 demon-
strates the feasibility of this architecture in digital L-band,
S-band, and potentially C-band radars. The RF paths
shown are fairly narrow, however, using both the top and
bottom of the board enables more room for placement and
routing. This example uses commercially available compo-
nents and is drawn to scale.

A 1-Gsps, 16-bit dual-channel ADC (ADS54J60) enables
high performance for signal bandwidths of greater than
250 MHz. Likewise, a 2.5-Gsps, 16-bit dual-channel DAC
(DAC38J82) enables similar transmit performance. For
data rates of 1 Gsps, each data converter is capable of
using two serializer/deserializer (SerDes) lanes per
channel at 10 Gbps. The optical transceivers contain
twelve channels allowing six ADC channels and six DAC
channels to be used per set of transmitter and receiver.
Total optical transceiver power at the antenna array is
about 380 mW per antenna element, lower than an equiva-
lent architecture with an FPGA directly interfaced to the
data converters. Ideally, the optical transceiver size and
power would be reduced even further.

The challenge with this architecture is not so much
related to the SerDes interface itself as it is to the other
signals required for JESD204B. Other than data, there are
three main signals required when using the subclass 1
variant of JESD204B: device clock, SYSREF and SYNC.

Device clock is analogous to the data converter sampling
clock and has the same low-jitter performance require-
ment. The skew between device clocks for multiple data
converters ultimately determines the phase accuracy of

20 mm

B o B

Figure 2. Example board placement using JESD204B over optical (to scale)
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the sampling instant, a key requirement for phased-array
radar. However, it is possible that digital techniques can be
used to compensate for device clock skew. The only addi-
tional concern added by the optical architecture is that
both ends of the optical link must be frequency synchro-
nized for the synchronous serialized link to function
properly.

SYSREF is a low-frequency timing reference used for all
JESD204B devices in order to obtain deterministic latency.
For multi-device synchronization, SYSREF must be
captured by the same device clock cycle at every data
converter, or at least exactly an integer number of
SYSREF periods later. This places a setup-and-hold timing
requirement on SYSREF relative to the device clock.
Additionally, the FPGA must also receive SYSREF at a
deterministic time relative to the data converters in order
to achieve deterministic latency. Thus, the phase of
SYSREF at each end of the optical link must be well
controlled.

SYNC does not have any specified timing requirements
for subclass 0 or subclass 1 implementations of JESD204B.
For most purposes, it is a binary DC signal that is used
only during link initialization to align the character clocks
within the SerDes transmitter and receiver. The receiver
must toggle SYNC low on start up to tell the transmitter to
start the code group synchronization process. Since this is
a DC signal, an optical implementation requires encoding
before transmission. Due to the large number of data
converters that could be used in the system, and therefore
large number of SYNC signals, a likely implementation

RX/TX RF RX/TX RF RX/TX RF RX/TX RF RX/TX RF RX/TX RF
ADS54J60 DAC38J82 ADS54J60 DAC38J82 ADS54J60 DAC38J82
Optical RX Optical TX
(12 channels) (12 channels)

120 mm
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Figure 3. High-level phased-array radar system diagram using optical fiber in the JESD204B link
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uses SYNC signal aggregation. A designer can do this by
ANDing signals together to limit the total number of SYNC
signals transmitted over the optical link. Note that SYNC
can have timing requirements for subclass 1 implementa-
tions when numerically-controlled oscillators (NCOs) are
used as part of digital up or down converters within the
data converters.?!

Figure 3 shows a high-level system block diagram of
phased-array radar using an optical implementation of
JESD204B. It is assumed that both the device clocks and
SYSREF signals are generated at a single location at the
array and distributed through traditional means to each
antenna element to maintain high performance and phase
alignment. The SYNC signals for each element can be
aggregated at the subarray level (N SYNC signals in each
direction for N subarrays in the system). An alternative is
to aggregate each element at the system level before being
encoded for transmission across optical to limit the
number of signals.

Note that the clocks, including SYSREF and SYNC
signals, can be sent over a copper interface such as coax
cables, rather than over an optical link. The feasibility is
dependent on the distance between the antenna elements
and the FPGAs. A copper implementation of those signals
is likely simpler, eliminating the encoding problem for
SYNC and simplifying phase alignment of SYSREF.

Conclusion

There is little doubt that phased-array radars will continue
to move toward the concept of digital phased-array radars,

Texas Instruments 21

however, the optimal architecture is still debatable. The
architecture discussed here, making use of JESD204B
over optical, may enable entirely digital arrays for L-band,
S-band, and C-band radars. This architecture reduces the
total power and thermal requirements at each antenna
element by eliminating the requirement for an FPGA to be
near the data converters. Further reductions in optical
transceiver size and power would make this architecture
even more compelling.
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MOSFET power losses and how they
affect power-supply efficiency

By George Lakkas

Product Marketing Manager, Power Management

Power-supply efficiency is a critical criterion for today’s
cloud-infrastructure hardware. The efficiency of the
chosen power solutions relates to system power loss and
the thermal performance of integrated circuits (ICs),
printed circuit boards (PCBs), and other components,
which determines the power-usage effectiveness of a
data center.

This article revisits some of the basic principles of
power supplies and then addresses how MOSFETs—the
power stage of any switching-voltage regulator—affect
efficiency. For the linear regulator shown in Figure 1,
power loss and efficiency are defined by Equations 1 and 2.

ey
)

Power Loss = (Vix — Vour) x I,

Vour X1, _ Vour
wNxl, Vi

Efficiency =

In the ideal switching regulator shown in Figure 2, the
current is zero when the switch is open and the power loss
is zero, thus Vyy is being chopped. When the switch is
closed, the voltage across it is zero and the power loss is
also zero. An ideal switch implies zero losses, thus offering
100% efficiency. However, components are not ideal, as is
illustrated in the following examples.

An efficient switching regulator results in less heat dissi-
pation, which reduces system cost and size for elements
such as heat sinks, fans and their assembly. In battery-
operated systems, less power loss means that these
devices can use the same battery for a longer run time
because the device pulls less current from the battery.

To consider the various factors that contribute to effi-
ciency, the focus of this article is on the step-down (buck)
DC/DC converter topology, which is the most popular
switching-regulator topology in today’s cloud infrastruc-
ture systems. Figure 3 shows the key power-loss contribu-
tors in a buck converter: conduction losses, switching
losses, and static (quiescent) losses.

MOSFETSs have a finite switching time, therefore,
switching losses come from the dynamic voltages and
currents the MOSFETs must handle during the time it
takes to turn on or off.

Switching losses in the inductor come from the core and
core losses. Gate-drive losses are also switching losses
because they are required to turn the FETs on and off.
For the control circuit, the quiescent current contributes
to power loss; the faster the comparator, the higher the
bias current. For the feedback circuit, the voltage divider,
error amplifier and comparator bias currents contribute to
power loss. Megaohm resistors cannot be used to reduce
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Figure 1. Typical linear regulator

Figure 2. Ideal switching regulator
with the switch open
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Figure 3. Power-loss contributors in
a buck switching regulator
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power loss because of the bias current into the feedback
circuit. Figure 4 shows a basic switching circuit and
Equation 3 is used to calculate conduction losses for Q1
or Q2.

2
Peon = Rpsom X 1gswrms)

3)

12
RIPPLE
12

V,
=Rpg(om X % X [I%UT+
IN
Note that R is the Rpg(ony of the selected MOSFET,
I is the root-mean-square (RMS) current through the
MOSFET, and that neither of these is a function of switch-
ing frequency. In general, a higher switching frequency and
higher input voltage require a lower QG (gate charge) to
cut down the switching losses in the switch MOSFET (Q1).
For a rectifier MOSFET (Q2), low Rpg(on) is most
important, but don’t ignore the gate power. Also, changing
the MOSFET Rpg(on) changes the duty cycle (D), which
effects RMS currents and losses elsewhere. The inductor
current also affects MOSFET conduction loss.
The high-side MOSFET (Q1) switching losses are evalu-
ated first in Figure 5 because they are more complex.

Enterprise Systems

Figure 4. MOSFET conduction losses

Q1

—I_4

Relationships for Figure 5 to derive loss equation:
Ey = (Vps x Ip/2) x t1,

Et2 = (VDS/Z X ID) X t2,

Psw =2 x (Eq; + Egg) x fow,

tl = Qase/lg,

t2 = Qap/lg,

Vprar = Miller plateau,

Vru = Gate-to-source threshold voltage,

I = Cdv/dt,

Q=CxYV,

dt = t1 or t2, and

Vas(actuan 18 the actual gate-to-source drive voltage
driving the MOSFET.

Figure 5. MOSFET switching losses
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MOSFET switching losses are a function of load current
and the power supply’s switching frequency as shown by
Equation 4.

(Qgsa+Qap)
Ig

Pow = VinXIour X fsw ¥ 4
where Vg = Vpg (drain-to-source voltage), Ioyr = Ip
(drain current), fgw is the switching frequency, Qggss and
Qgp depend on the time the driver takes to charge the
FET, and I is the gate current.

Switch-MOSFET gate losses can be caused by the
energy required to charge the MOSFET gate. That is, the
Qg(toT) at the gate voltage of the circuit. These are both
turn-on and turn-off gate losses.

Most of the power is in the MOSFET gate driver. Gate-
drive losses are frequency dependent and are also a func-
tion of the gate capacitance of the MOSFETs. When
turning the MOSFET on and off, the higher the switching
frequency, the higher the gate-drive losses. This is another
reason why efficiency goes down as the switching
frequency goes up.

Larger MOSFETSs with lower Rpgon) provide lower
conduction losses at the cost of higher gate capacitances,
which results in higher gate-drive losses. These losses can
be significant for power-supply controllers (with external
MOSFETSs) at very high switching frequencies in the
multiple-megahertz region. There is no known method for
calculating a “best” Qg and Rpg(ony in a given situation,
although figure-of-merit (FOM) numbers are typically
mentioned in data sheets as (FOM = Rpg(on) x Qa)-

For the switch MOSFET shown in Figure 6, a lower gate
charge (Qg) in Equation 5 enables lower power loss and a
faster switching time; however, this contributes to more
parasitic turn-on of the rectifier MOSFET. A happy
medium can be obtained in the design to accommodate
these trade-offs.

Poate = Qgerom) X Vo X fgw 5)

There are also general gate losses as shown in Figure 7.
The MOSFET effect on the gate-driver IC, or a pulse-
width modulation (PWM) controller with an integrated
gate driver, add to the power-dissipation losses.

As shown by Equation 6, gate-drive losses do not all
occur on the MOSFET.

—_ Va_prv X Qaton) X fs
DRV = 5

(6)
X( Rghi Rgro J
R+ Rg+Rar Rgro+tRg+Rgr

where:

e Ppry is the total gate drive loss divided to calculate the
driver loss,

® Rgy is turn on of the driver,
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Figure 6. Switch MOSFET gate losses
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R0 1s the turn off of the driver,

e replacing Rgyp with R is the loss in the gate resistor,
replacing Rgyp with Rgy is the switching FET loss,
higher Qg increases driver dissipation, and

adding external R reduces internal driver dissipation
because it reduces the overall resistance path to the
MOSFET gate.
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Figure 8 shows the various contributors that affect total
switch MOSFET losses.

Now consider the rectifier (synchronous) MOSFET total
and conduction losses. Power loss in a rectifier MOSFET
consists of conduction losses (Pgon), body-diode conduc-
tion losses (Pgp), and gate losses (Pgati)-

There are no switching losses because of the body
diode. The body diode conducts and the voltage across the
FET is the diode voltage, which is zero. The body diode
ensures zero-voltage switching per Equation 7.

Paskr = Foont Pep+ Foate (M
Conduction losses are simple I2R losses when the
MOSFET channel conducts per Equation 8.
Vour
Foon = Rpson) % {1 T (tDLYUpLo+ tDLYLoUp ) Xty
. ®
«| 12 4 -RIPPLE
ouT 12

where:

* R is the Rpgon) of the selected MOSFET,

I is the RMS current through the MOSFET,

* tpLyupLo is the delay between the upper MOSFET turn-
ing off and the lower MOSFET turning on, and

* tpiyLoup is the delay between the lower MOSFET turn-
ing off and the upper MOSFET turning on.

The rectifier MOSFET also has body-diode losses. The
average body-diode current can be calculated during
dead time.

The blue waveform in Figure 9 shows the dead time,
which is the time between when the high-side FET turns
off and the low-side FET (rectifier FET) turns on. We
want the average current in the switching cycle. The
output inductor (L) dictates the slope of the dotted line,
Igp1, Igpe, Igps. This slope is the average current through
the body diode.

Equations 9a through 9e can be used to determine the
body-diode current:

Vo X tpLyupLo

Igpy =Ienepk) = T (%9a)
Vo X tpryLou
Igpeoy = Iepepk) — IrippLe + fp (9b)
VO X tDLYUpLo
Lawveupto =TBpPK) =5 1 (9c)
Vo XtpryLou
Lavaroup = Iepepr) ~ IrippLE + Top 9d)
I Vo X tpLyupLo “t
BD(PK) oxL, |  DLYUpLo
Vo X tpryLou
Ippeave) = +[IBD(PK) —IrippLE + Top Xfqw (9€)

X IpLYLoUp
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Figure 8. Total switch MOSFET losses
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Equation 10 can be used to approximate the body-diode
power loss.

Pgp = VpxIgypX (tDLYUpL0+ tDLYLoUp)>< fsw 10
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Figure 10. Rectifier MOSFET gate driver and losses
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The final consideration in Figure 10 is for the gate
losses of the rectifier MOSFET (Q2). Gate losses are
calculated in the same manner as with the switch
MOSFET. Losses can be significant because of a higher
gate charge.

Figure 11 shows the various contributors that affect
total losses attributed to the rectifier MOSFET.

Conclusion

The efficiency of a synchronous step-down power
converter with integrated or external MOSFETSs can be
optimized when the designer understands the parameters
that affect efficiency and the specifications to look for in
data sheets.

In the absence of an ideal power converter, the designer
has to make trade-offs and optimize the parameters that
affect power-supply efficiency.

A wide portfolio of discrete MOSFETs is available from
Texas Instruments, including power blocks (dual-MOSFETs
in one package) and power stages (gate driver and dual-
MOSFETSs in one package). Power supply control ICs that
use MOSFETs are buck PWM controllers and SWIFT™
integrated MOSFET buck converters (both analog and
PMBus™). An example of a PWM controller is the
TPS40428 dual-output/dual-phase, PMBus, driverless
PWM controller that is paired with the CSD95378B
NexFET™ smart power stage An example of a SWIFT
integrated-FET converter is the TPS544C25, a 30-A
PMBus buck converter with frequency synchronization.

Texas Instruments 26

Figure 11. Total rectifier MOSFET losses
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This device includes integrated MOSFETs where all the
design equations of this article may be applied.
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Agency requirements for stand-by power
consumption of offline and POL converters
for consumer applications

By Rich Nowakowski, Product Marketing Manager, DC/DC Converters
Brian King, Applications Engineer, Senior Member of the Group Technical Staff

Introduction

Trying to meet ENERGY STAR® requirements to maintain
energy efficiency is a constant design challenge. As the
number of consumer devices in homes increases and when
taking energy from the grid, designers want to improve
light-load efficiency without increasing cost or complexity.
Reducing the product’s power consumption by one watt
can save megawatts from the grid, especially with high-
volume consumer applications such as the set-top box.
The semiconductor industry has developed new offline
AC/DC and point-of-load (POL) DC/DC solutions that
greatly improve efficiency at lower stand-by power levels.
This article highlights new techniques used by new flyback
and secondary-side controllers, and compares two
complete POL architectures with and without the light-
load efficiency feature. Also covered is the energy-saving
advantage gained when selecting a POL solution with
light-load efficiency features.

ENERGY STAR requirements for set-top boxes

The final ENERGY STAR version 4.1 specification for
set-top boxes was announced on April 4, 2014 and took
effect on December 19, 2014. Version 4.1 accommodates
new technology such as deep sleep functionality, multi-
room configurations, displayless gateways, high-efficiency
video processing, and ultra-high definition video.™! If all
set-top boxes sold in the United States (US) were
ENERGY STAR compliant, the savings would be more than
$1.8 billion per year, and more than 24-billion pounds of
greenhouse gas emissions per year would be prevented.
Investigating every avenue to reduce power consumption
in a power-management design will improve the ability to
meet the evolving ENERGY STAR requirements.

Figure 1. Isolated AC/DC power supply with Eco-mode™ technology

Power-management architecture

A power architecture for the US market was chosen for a
design example that consists of an offline power supply
that accepts a 90- to 132-VAC input from the mains. Since
5 V is the highest voltage required in most low-power
set-top boxes, a 5-V intermediate bus was chosen over a
12-V bus to improve overall efficiency. The 5-V intermedi-
ate bus provides around 5 A, or 25 W, and the total power
capability required depends on the additional functional-
ities integrated into the box, such as a removable media
player, additional tuners, or an integrated digital video
recorder. From the 5-V bus, typical POL voltages are 3.3V,
2.5V,1.5V,and 1.0 V, which are common in many POL
architectures. The output currents of each POL voltage
are usually less than 3 A, but requirements for the low-
voltage rails have increased over time due to the added
functionality of the main processor, which can require up
to 5-A peak.

For this demonstration, an isolated AC/DC power supply
(Figure 1) was constructed using a constant-current,
constant-voltage flyback controller (UCC28740) along with
a synchronous rectifier controller (UCC24636). The POL
section on the secondary-side uses 2-A (TPS562210), 3-A
(TPS563210), and 5-A (TPS56528) step-down buck
converters to generate the four voltages from the 5-V bus.
Each POL converter uses an advanced Eco-mode™ for
high light-load efficiency. A reference design is available
for download featuring both sections of the power supply
and includes a schematic, bill of materials, test report and
design files.?!

Step-Down »[  Flyback Filter | »5V/5A
90-/:% 1I32'\: —»{ Transformer Transformer
npu and Bridge POL Buck ~
Rectifier * (TPS562210) »3.3V/I2A
POL Buck
Flyback Synchronous (TPS562210) —»25V/2A
Controller Rectifier Controller ol POL Buck > 1.5V/3A
(UCC28740) (UCC24636) (TPS563210) L
POL Buck
\—‘ Isolated Feedback I— (TPS56528) > 10VISA
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AC/DC Conversion

The flyback converter can be used for set-top box AC/DC
applications because it provides an inexpensive, isolated
output and uses few external components. Operation of
the flyback converter in discontinuous conduction mode
(DCM) is especially attractive because it eliminates
reverse recovery losses in the output rectifier to improve
the efficiency. The simplified schematic in Figure 2 uses a
flyback controller that uses DCM with valley switching to
further reduce switching losses. The controller has a
maximum frequency of 100 kHz to provide a high-density

Personal Electronics

and minimizes body-diode conduction time of the power
MOSFET. A synchronous rectifier controller also reduces
primary-side losses, simply due to the efficiency gains of
the total power solution.

The four-point average efficiency of the offline supply is
85.1%, with a peak efficiency of 85.45% occurring at 25%
rated load. Offline supply efficiency is shown in Table 1
with all other supplies disabled during the test. The
no-load power dissipation is 61 mW.

Table 1. Offline power supply efficiency

design and it also maintains control of the peak primary
current in the transformer. The controller has a minimum
switching frequency of 170 Hz to minimize the no-load
power consumption to less than 60 mW when using a
standard shunt regulator and optocoupler. Lower standby
power can be achieved when using an optocoupler with a

Load Py (W) Vour (V) lout (A) Efficiency
10% 2.97 498 499 83.81%
25% 7.3 498 1.252 85.45%
50% 14.64 498 2.503 85.14%
75% 21.94 497 3.75 84.95%
100% 29.27 497 4.999 84.88%

high-current transfer ratio and a lower-power regulator
instead of a low-voltage shunt regulator.

To achieve higher full-load and light-load efficiency, a
traditional diode solution used by the flyback topology can
be replaced with a synchronous rectifier controller
(UCC24636) and a power MOSFET. This near-ideal diode-
rectifier solution reduces power dissipation of the rectifier

For set-top boxes using an external power supply
(EPS), the external supply must also be ENERGY STAR
qualified or meet the no-load and active-mode efficiency
levels provided. Without using any energy-saving tech-
niques, a traditional fixed-frequency pulse-width modula-
tor (PWM) flyback converter can easily dissipate too much

Figure 2. Simplified schematic for a flyback and synchronous rectifier controller
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energy and prevent a product from achieving ENERGY
STAR compliance. To save energy throughout all load
levels, a green-mode flyback and synchronous rectifier
controller employs numerous loss-reducing techniques,
including valley switching, variable frequency control, and
pulse-skipping at light loads.

Point-of-load conversion

The POL regulators generating low voltages from the 5-V
intermediate bus employ an energy-saving pulse-skipping
technique with Eco-mode™ technology. Similar operation
modes have traditionally been used in applications that
are powered by batteries, such as cell phones and note-
book PCs. However, DC/DC converters with such operat-
ing modes are becoming more prevalent in the market for
non-portable applications due to ENERGY STAR require-
ments. See Figure 3 for one of these POL converter
schematics.

The inductor current in a synchronous buck converter is
a triangle wave. As the output current decreases from a
heavy-load condition, the inductor current is reduced and
the rippled valley of the triangle wave eventually touches
the zero level at the boundary between continuous
conduction mode (CCM) and DCM. With the pulse-skipping
feature, the rectifying MOSFET is turned off when the
converter detects zero current in the inductor. As the load
current further decreases, the on time is held nearly
constant so that the off time is extended and the switch-
ing frequency is reduced to maintain regulation. As a
result, the power MOSFETs and inductor are idle for
longer time periods and conduction losses are greatly
reduced. The point at which the DC/DC converter enters
the light-load efficiency mode is shown in Equation 1.

Lxf

v
st = (Viy = Vourp ) x 22

ey

lovray =

Vin
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POL efficiency comparison

The efficiency measurements for each POL converter
were taken with the demonstration board from no-load to
full-load and summarized in Table 2. Many designers will
inspect an efficiency curve to verify performance. In this
case, however, it is advantageous to inspect the actual
power dissipation in watts to verify whether excessive
power dissipation precludes meeting an agency approval’s
specification. Note that the total power dissipation for all
four converters, while enabled and switching, is only 29 mW
at no-load and 36 mA at 10 mA. The low power-loss
performance is due to pulse-skipping and low operating
quiescent current of each device.

Table 2. Power dissipation with Eco-mode™ converters

Power Dissipation (W) Total
POL POL POL POL | Dissipation

Load 1V/5A |1.5V/3A[{25V/2A|33V/2A (W)

No load 0.008 0.006 0.007 0.008 0.029
10 mA 0.008 0.007 0.01 0.011 0.036
100 mA 0.027 0.03 0.036 0.037 0.13
25% full load 0.03 0.14 0.1 0.1 0.38
50% full load 0.23 0.32 0.26 0.26 1.07
100% full load | 3.23 1.15 0.97 1.09 6.44

To illustrate the effectiveness of pulse-skipping, the
devices in the POL design were replaced with traditional
DC/DC converters operating in CCM without a pulse-
skipping feature. The task to replace the components in
the design was not difficult since the devices are footprint

Figure 3. DC/DC converter with advanced Eco-mode™

5VOUT >>I—K VIN VBST
c17 EN SwW
10 pF c23
10.0 K PG
ss VFB
= GND
c23

0.0 uF TPS562210
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compatible. Table 3 shows the total dissipation for all four
converters at no load and 10 mA is 242 mW, which is
almost 10 times the power dissipation of the pulse-skipping
converters at no-load. Using advanced Eco-mode DC/DC
converters translates to a 2.1-kWh/yr savings in the POL
architecture alone when operating in the standby mode.
For efficiency curves and more power-loss data, please see
the test report of the PMP11180 reference design.?!

Table 3. Power dissipation with CCM converters

Power Dissipation (W) Total
POL POL POL POL | Dissipation

Load 1V/5A [15V/3A[25V/2A(33V/2A (W)

No load 0.08 0.062 0.054 0.046 0.242

10 mA 0.08 0.062 0.054 0.046 0.242

100 mA 0.083 0.066 0.059 0.05 0.258

25% full load 0.066 0.14 0.11 0.1 0.416
50% full load 0.26 0.32 0.26 0.26 1.1

100% full load | 3.4 1.16 0.97 1.1 6.63

Trade-offs to light-load efficiency

When a DC/DC converter enters a pulse-skipping mode,
the pulses of the PWM are further apart causing the peak-
to-peak output ripple voltage to increase. In most cases,
the set-top box is not sending or receiving data and the
tuner circuitry is less likely to be affected by noise.
However, the designer must pay special attention to the
ripple voltage to be sure it does not hamper performance
results.

Texas Instruments
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Conclusion

When designers need to reduce power consumption for
every component in their product, the offline and point-of-
load architecture must not be overlooked. Selecting a
high-efficiency flyback controller with a synchronous recti-
fier controller and synchronous DC/DC buck converters
with advanced Eco-mode technology will save hundreds of
milliwatts of dissipation under light-load conditions. This
translates to a savings of several kWh/yr without sacrific-
ing cost or performance. Please visit our TI AC/DC and
isolated DC/DC or the non-isolated DC/DC converter
E2E™ forum to ask questions about implementing energy-
saving features in your application.
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