Power Management for Integrated RF ICs

By Qui Luu

As more building blocks are added to a radio-frequency
integrated circuit (RFIC), more sources of noise coupling
arise, making power management increasingly important.
This article describes how power-supply noise can affect
the performance of RFICs. The ADRF6820 quadrature
demodulator with integrated phase-locked loop (PLL) and
voltage-controlled oscillator (VCO) is used as an example,
but the results are broadly applicable to other high-
performance RFICs.

The power-supply noise can degrade linearity by creating
mixing products in the demodulator and degrade phase
noise in the PLL/VCO. A detailed power evaluation is
accompanied by recommended power designs using low-
dropout regulators (LDOs) and switching regulators.

With its dual supply and high level of RF integration, the
ADRF6820 provides an ideal vehicle for discussion. It uses
a similar active mixer core as the ADL5380 quadrature
demodulator and the identical PLL/VCO cores as the
ADRF6720, so the information presented can be applied

to those components. In addition, the power-supply design
can be applied to new designs requiring 3.3-V or 5.0-V
supplies with similar power consumption.

The ADRF6820 quadrature demodulator and synthesizer,
shown in Figure 1, is ideally suited for next-generation
communication systems. The feature-rich device comprises

a high-linearity broadband I/Q demodulator, an integrated
fractional-N PLL, and a low-phase-noise multicore VCO. It
also integrates a 2:1 RF switch, a tunable RF balun, a program-
mable RF attenuator, and two LDOs. The highly integrated
RFIC is available in a 6-mm x 6-mm LFCSP package.
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Figure 1. ADRF6820 simplified block diagram.
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Power-Supply Sensitivities

The blocks most affected by power-supply noise are the
mixer core and the synthesizer. Noise coupled into the mixer
core creates unwanted products that degrade linearity and
dynamic range. This is especially critical for a quadrature
demodulator because the low-frequency mixing products

fall within the band of interest. Similarly, power-supply noise
can degrade the phase noise of the PLL/VCO. The effect of
unwanted mixing products and degraded phase noise are
common to most mixers and synthesizers, but the exact
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level of degradation is determined by the architecture and
layout of the chip. Understanding these power-supply sens-
itivities allows a more robust power design that optimizes
performance and efficiency.

Quadrature Demodulator Sensitivities

The ADRF6820 uses a double-balanced Gilbert cell active
mixer core, as shown in Figure 2. Double-balanced means
that both the LO and RF ports are driven differentially.
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Figure 2. Gilbert cell double-balanced active mixer.

After a filter rejects the high-order harmonics, the resulting
mixer outputs are the sum and difference of the RF and LO
inputs. The difference term, also called the IF frequency, lies
within the band of interest, and is the desired signal. The sum
term falls out of band and gets filtered.
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Ideally, only the desired RF and LO signals are presented to
the mixer core, but this is rarely the case. Power-supply noise
can couple into the mixer inputs and manifest itself as mixing
spurs. Depending on the source of the noise coupling, the
relative amplitudes of the mixing spurs may vary. Figure 3
shows a sample mixer output spectrum and where the mixing
products may reside due to power-supply-noise coupling.

In the figure, CW corresponds to a continuous wave or
sinusoidal signal that couples on to the power-supply rail.
The noise may be the clock noise from a 600-kHz or 1.2-MHz
switching regulator, for example. The power-supply noise
can cause two different problems—if the noise couples to the
mixer outputs, the CW tone will appear at the output with
no frequency translation; if the coupling occurs at the mixer
inputs, the CW tone will modulate the RF and LO signals,
producing products at IF + CW.
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Figure 3. Sample mixer output spectrum with power-supply noise
coupling.
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These mixing products can be close to the desired IF signal, so
filtering them out becomes difficult, and dynamic range loss is
inevitable. This is especially true for quadrature demodulators
because their baseband is complex and centered around dc.
The demodulation bandwidth of the ADRF6820 spans from

dc to 600 MHz. If a switching regulator with noise at 1.2 MHz
powers the mixer core, undesired mixing products will occur
atIF + 1.2 MHz.

Frequency Synthesizer Sensitivities

The references provided at the end of the article offer
valuable information on how power-supply noise affects
integrated PLL and VCOs. The principles apply to other
designs with the same architecture, but nonidentical
designs will need their own power evaluation. For
example, the integrated LDO on the ADRF6820’s VCO
power-supply offers more noise immunity than a PLL
power-supply that does not use an integrated LDO.

ADRF6820 Power-Supply Domains and Current
Consumption

To design the power-management solution, first examine
the RFIC’s power domains to determine which RF blocks
are powered by which domain, the power consumption of
each domain, the operational modes that affect the power
consumption, and the power-supply rejection of each
domain. Using this information, sensitivity data for the
RFIC can be collected.

The major functional blocks of the ADRF6820 each have their
own power pins. Two domains are powered from the 5-V
supply. VPMX powers the mixer core, and VPRF powers the
RF front-end and input switches. The remaining domains
are powered from the 3.3-V supply. VPOS_DIG powers

an integrated LDO, which outputs 2.5 V to power the SPI
interface, the PLL’s 2-A modulator, and the synthesizer’s
FRAC/INT dividers. VPOS_PLL powers the PLL circuitry,
including the reference input frequency (REFIN), phase-
frequency detector (PFD), and the charge pump (CP).
VPOS_LO1 and VPOS_LO2 power the LO path, including
the baseband amplifier and dc bias reference. VPOS_VCO
powers another integrated LDO, which outputs 2.8 V to
power the multicore VCO. This LDO is important for
minimizing the sensitivity to power-supply noise.

The ADRF6820 is configurable in several operational modes.

It consumes less than 1.5 mW in normal operational mode
with a 2850-MHz LO. Decreasing the bias current reduces
both power consumption and performance. Increasing the
mixer bias current makes the mixer core more linear and
improves IIP3, but degrades the noise figure and increases
power consumption. If noise figure is of key importance, the
mixer bias current can be reduced, decreasing the noise within
the mixer core and reducing power consumption. Similarly,
the baseband amplifiers at the output have variable current
drive capabilities for low impedance output loads. Low output
impedance loads require higher current drive and consume
more power. The data sheet provides tables showing power
consumption for each of the operational modes.

Measurement Procedure and Results

Noise coupling on the power rail produces undesired tones
at CW and IF + CW. To mimic this noise coupling, apply a
CW tone to each power pin and measure the amplitude of
the resulting mixing product relative to the input CW tone.
Record this measurement as the power-supply rejection in
dB. The power-supply rejection varies with frequency, so
sweep the CW frequency from 30 kHz to 1 GHz to capture
the behavior. The power-supply rejection over the band of
interest determines whether filtering is required. The PSRR
is calculated as:

CW PSRR in dB = input CW amplitude (dBm) — measured
CW feedthrough at I/Q output (dBm)

(IF £ CW) PSRR in dB = input CW amplitude (dBm) —
measured IF + CW feedthrough at I/Q output (dBm)

(IF + CW) in dBm = (IF — CW) dBm, as CW tones modulated
around the carrier have equal amplitudes.

Lab Setup

Figure 4 shows the lab setup. Apply a 3.3-V or 5-V dc source
to the network analyzer to produce a swept continuous sinus-
oidal signal with a 3.3-V or 5-V offset. Apply this signal to
each of the power rails on the RFIC. Two signal generators
provide the RF and LO input signals. Measure the output on
a spectrum analyzer.
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Figure 4. ADRF6820 PSRR measurement setup.
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Measurement Procedure

The amplitude of the undesired mixing products depends on
the chip’s power-supply rejection, and the size and location of
the decoupling capacitors on the evaluation board. Figure 5
shows the amplitude of the (IF + CW) tone at the output given
a 0-dB sinusoidal signal on the power pin. With no decoupling
capacitors, the amplitude of the undesired tone was between
-70 dBc and -80 dBc. The data sheet recommends a 100-pF
capacitor adjacent to the device on top of the board and a
0.1-wF capacitor on the back. The resonance of these external
decoupling capacitors can be seen in the graph. The transition
at 16 MHz is due to the resonance of the 0.1 wF capacitor with
a 1-nH parasitic inductance. The transition at 356 MHz is due
to the resonance of the 100-pF capacitor with 2 nH of parasitic
inductance from both capacitors. The transition at 500 MHz
is due to the resonance of the 100-pF capacitor with a 1-nH

parasitic inductance.
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Figure 5. Effects of decoupling capacitor resonance on IF + CW.

Results

The amplitudes of the interfering signal (CW) on the power-
supply rail and the modulated signals (IF + CW) were
measured at the baseband outputs. Noise was introduced

to the power rail under test, while the other power supplies
remained clean. Figure 6 shows the amplitude of the (IF + CW)
tone when a 0-dB sinusoidal signal was injected on the power
pin and swept from 30 kHz to 1 GHz. Figure 7 shows the
feedthrough from the CW tone to the baseband outputs.
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Figure 6. PSRR of the (IF + CW) tone.
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Figure 7. PSRR of the CW tone.

Analysis

The plots provide invaluable data on the supply sensitivities
at each power pin. VPOS_PLL has the worst power-supply
rejection and is therefore the most sensitive power node. This
power pin powers the PLL circuitry, including the reference
input frequency, phase-frequency detector, and the charge
pump. These sensitive function blocks determine the accuracy
and phase performance of the LO signal, so any noise coupled
on them propagates directly to the output.

Under the same reasoning, it can be argued that the VCO
power-supply is also a critical node. The plots show that
VPOS_VCO has much better rejection than VPOS_PLL. This is
a result of the internal LDO that actually powers the VCO. The
LDO isolates the VCO from noise on the external pin and also
provides it with a fixed-noise spectral density. The PLL power
supply has no LDO, making it the most sensitive power rail.
Thus, isolating it from potential noise coupling is critical for
optimal performance.

The PLL loop filter attenuates high CW frequencies, so the
sensitivity on VPOS_PLL is poor at low frequencies and
slowly improves as the frequency sweeps from 30 kHz to

1 GHz. At higher frequencies the amplitude of the interfering
tone gets attenuated and the power level injected into the
PLL is substantially lower. Thus, VPOS_PLL shows better
high-frequency power-supply rejection than the other power
domains. The loop filter components were configured for

20 kHz, as shown in Figure 8.

The power rails, listed from most sensitive to least sensitive,
are: VPOS_PLL, VPOS_LO2, VPOS_VCO, VPOS_LO1, VPOS _
DIG, VPMX, and VPREF.
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Figure 8. PLL loop filter configured for a 20-kHz loop bandwidth.
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Power-Supply Design

With a good understanding of the maximum power
consumption of the ADRF6820 in its various modes and

the sensitivity of each power domain, power-management
solutions were designed using both switching regulators and
LDOs to determine the feasibility of both power solutions.
First, a 6-V source was regulated to 5V and 3.3 V for the
ADRF6820 power rails. Figure 9 shows the power design for
the 5-V power-supply for VPMX and VPREF. The ADP7104
CMOS LDO can deliver up to 500 mA load current. The
ADP2370 low quiescent current step-down (buck) switching
regulator can operate at 1.2 MHz or 600 kHz. Additional
filtering was added to the switching regulator output to

+6V

attenuate the switching noise. The ADP2370 can deliver up
to 800 mA load current. The ADRF6820’s 5-V rail can be
sourced by either the ADP7104 or the ADP2370. Additional
decoupling and filtering is applied to each power pin.

Figure 10 shows the 3.3-V power design. The source voltage
is still 6.0 V, but an additional LDO steps the source down to
an intermediate voltage before it further gets regulated down
to 3.3 V. The extra stage is required to reduce power loss, as

a 6-V source regulated directly down to 3.3-V would operate
at 55% maximum efficiency. An intermediate stage is not
necessary for the switching regulator path because its pulse-
width modulation (PWM) architecture minimizes power loss.
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Figure 10. 3.3-V power design.
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The 3.3-V design allowed for more experimentation. In
addition to sourcing the 3.3-V rail with either an LDO or a
switching regulator, the VPOS_PLL rail has additional LDO
options and the VPOS_DIG rail has an optional isolated LDO.
As the PLL power-supply is the most sensitive, three power
solutions were tried, each with different output noise: the
ADP151 3.3-V ultralow-noise CMOS LDO with 9 wV rms
output noise; the ADP7104 3.3-V low-noise CMOS LDO
with 15 wV rms output noise; and the ADP2370 3.3-V buck
regulator. We want to determine the highest level of power-
supply noise that will still maintain the required phase-noise
performance. Is the highest performance, lowest noise LDO
an absolute necessity?

The ADP121 3.3-V low-noise CMOS LDO was also tried on
the VPOS_DIG power rail to determine if digital noise would
affect performance. The digital power rail tends to be noisier

than the analog supplies due to switching on the SPI interface.

We want to determine if the digital 3.3-V power-supply will
require its own LDO or if it can be coupled directly to the
analog power-supply. The ADP121 was chosen as a low-cost
solution.
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Figure 11. Integrated phase noise using the ADP151 and ADP7104.
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Figure 12. Integrated phase noise using the ADP151 and ADP2370.
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Conclusions and Power Desigh Recommendations

For VPOS_PLL, the most sensitive power-supply rail, the
low-cost ADP151 LDO achieves the same phase noise as the
ADP7104 high-performance, low-noise LDO, as shown in
Figure 11. Performance was degraded when the ADP2370
switching regulator was used, however, as shown in Figure 12.
The noise hump is caused by the switching regulator, and can
be seen on its output, as shown in Figure 13. Thus, VPOS_PLL
can tolerate up to 15 pV rms noise with no degradation in
integrated phase noise, but a switching regulator cannot be
used to power this pin. No benefit is obtained by using a
higher performance, lower noise LDO.

Good phase-noise performance is maintained when either a
switching regulator or an LDO powers the remaining supply
rails, as shown in Figure 14. The 5-V power-supply pins,
VMPX and VPREF, can both be tied together and sourced with
a single supply. The 3.3-V power-supply pins, VPOS_LOI,
VPOS_LO2, and VPOS_VCO, can also be tied together and
sourced by a single supply. VPOS_DIG does not require an
independent LDO and can be tied to the analog 3.3-V power-

supply.
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Figure 13. Output spectrum of the ADP2370.
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With a 12-V source, the recommended power-supply design,

- . o Modulators/Demodulators
shown in Figure 16, includes two switching regulators and

an LDO. The source voltage is much larger than the required Linear Regulators
supply voltages, so the switching regulators are used to
improve power efficiency. All of the power pins except for Switching Regulators

the sensitive VPOS_PLL supply can be sourced from the
switching regulators. Either the ADP7104 or ADP151 can be
used for VPOS_PLL.
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