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ANALOG MULTIPLIERS

Nonlinear operations on continuous-valued analog signals are often important in
instrumentation, communication, and control system design. These operations are;
rectification, modulation, demodulation, frequency translation, multiplication and division.
Analog multipliers are circuit —needed in analog signal processing—that take two analog
inputs and produce an output proportional to their product.

The emitter-coupled pair, is shown to produce output currents that were related to the

differential input voltage by :

Igg

Fig.3.5 multiplier circuit using an emitter coupled pair

VA
Al=l¢1-Ico=Igg tanh( 1d/ZVT)

The dc transfer characteristics of the emitter — coupled pair is shown in figure. It shows that
the emitter coupled pair can be used as a simple multiplier using this configuration. When
the differential input voltage Vi << V1, we can appropriate as given by

Alc =lge (V1/2V7)
The current Ige is the bias current for the emitter — coupled pair. If the current Ige is made
proportional to a second input signal V,, then

lee =Ko (V2 - Ve)/2Vr



Fig. 3.6 DC Transfer characteristics of emitter coupled pair

This arrangement is shown in figure. It is a simple modulator circuit constructed using a
differential amplifier. It can be used as a multiplier, provided V; is small and much less than
50mV and V; is greater than Vg (on). But, the multiplier circuit shown in figure has several

limitations. The first limitation is that V, is offset by Vg (on).

Ve

Fig. 3.7 A simple modulator using a differential amplifier

The second is that V, must always be positive which results in only a two-quadrant
multiplier operation. The third limitation is that, the tanh (X) is approximately as X,
where X = V4 /2VT.

The first two limitations are overcome in the Gilbert cell.



The Gilbert multiplier cell is a modification of the emitter-coupled cell, which allows four-

guadrant multiplication. Therefore, it forms the basis of most of the integrated circuit

balanced Multipliers. Two cross- coupled emitter- coupled pairs in series connection with an

emitter coupled pair form the structure of the Gilbert multiplier cell.
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Fig. 3.8 Gilbert multiplier cell

The collector current of Qs and Qg4 are given by

I¢q IC1
——v= and [y =—5 =
1C3 1+e—Vl/b’T c4 1+GV1/§T

Similarly, the collector current of Qs and Qg are given by

1("{ ’("»
The I« = ——= and [l = —5——
5™ 1rey¥T €6~ 14e V1T

collector current Ic; and Ic, of transistors Q; and Q; can be expressed as

Igg IgE
lpy =——— and [, = ———
C1 = 7=Vt c2 = V2Vt

Substituting the above equation in Icz and Ig4, we get



lEE

Y .
1+e Vf

IC and Ic4 = Vi

1+eVT

1+e [1+P Vr

Similarly substituting o= in Ics and Ics , we get,

IEE
V2
1+e Vr

ICS =7 Vi dnd IC() =

1+eV¥T

The differential output current | is given by

Al =li1 - 1= (I3 +les) - (leatles)=lcs - Ics)-(lca - Ics)
AI:IEE tanh( V1/2VT) tanh(Vz/ZVT)

The dc transfer characteristic, then, is the product of the hyperbolic tangent of the two
input voltages. The are three main application of Gilbert cell depending of the V1 an V2

range:

e If V; <V, andV,<Vg then: tanh(V; ,/2Vr)= V; ,/2Vr and it works as multiplier

e If one of the inputs of a signal that is large compared to V-, this effectively multiplies
the applied small signal by a square wave, and acts as a modulator.

e If both inputs are large compared to VT, and all six transistors in the circuit behave as
non-saturating switches. This is useful for the detection of phase differences
between two amplitude-limited signals, as is required in phase-locked loops, and is

sometimes called the phase-detector mode.
PHASE-LOCKED LOOPS (PLL)

A PLL is a feedback system that includes a VCO, phase detector, and low pass filter within its
loop. Its purpose is to force the VCO to replicate and track the frequency and phase at the
input when in lock. The PLL is a control system allowing one oscillator to track with another.
It is possible to have a phase offset between input and output, but when locked, the

frequencies must exactly track.



Basic Configuration: Clock Clean-Up Circuit

In its most basic configuration, a phase-locked loop compares the phase of a reference
signal (Frer) to the phase of an adjustable feedback signal (RFy) Fo, as seen in Figure 1. In
Figure 2 there is a negative feedback control loop operating in the frequency domain. When
the comparison is in steady-state, and the output frequency and phase are matched to the
incoming frequency and phase of the error detector, we say that the PLL is locked. For the
purposes of this article we shall only consider a classical digital PLL architecture as

implemented on the Analog Devices ADF4xxx family of PLLs.

The first essential element in this circuit is the phase frequency detector (PFD). The PFD
compares the frequency and phase of the input to REFy to the frequency and phase of the
feedback to RF\y. The ADF4002 is a PLL that can be configured as a standalone PFD (with the
feedback divider N = 1). As such, it can be used with a high quality voltage controlled crystal

oscillator (VCXO) and a narrow low-pass filter to clean up a noisy REFy clock.

Error Detector

Loop Filter VCO
+ e(s) cpP
Frer K F
O—1»{ PD K Z(s - e ©
(Brcs) ; = s ®0)
1
N
Feedback Divider
Figure. 1 Basic PLL configuration.
Foer O - -
REF Phase Lcsw_F Pass VCO N x Frgr
—| Detector Filter

=N
Counter

Figure 2. Basic PLL configuration.
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Figure 3. Phase frequency detector.
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The phase frequency detector in Figure 3 compares the input to Fger at +IN and the feedback

signal at —IN. It uses two D-type flip flops with a delay element. One Q output enables a

positive current source, and the other Q output enables a negative current source. These

current sources are known as the charge pump. For more details on PFD operation, consult

“Phase-Locked Loops for High Frequency Receivers and Transmitters.”

Using this architecture, the input to +IN below is at a higher frequency than the —IN (Figure

4), and the resultant charge pump output is pumping current high, which, when integrated

in the PLL low-pass filter, will push the tuning voltage of the VCO up. In this way, the —IN

frequency will increase as the VCO increases, and the two PFD inputs will eventually


https://www.analog.com/en/analog-dialogue/articles/pll-for-high-frequency-receivers-and-transmitters-1.html

converge or lock to the same frequency (Figure 5). If the frequency to —IN is higher than +IN,

the reverse happens.

+IN

our J J

Figure 4. A PFD out of phase and frequency lock.

+IN
-IN

[ [ |

ouT J J J

Figure 5. Phase frequency detector, frequency, and phase lock.

Returning to our original example of the noisy clock that requires cleaning, the phase noise

profile of the clock, free running VCXO, and closed-loop PLL can be modeled in ADIsimPLL.
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Figure 7. Free running VCXO.
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As can be seen with the ADIsimPLL plots shown, the noisy phase noise profile of the REFy
(Figure 6) is filtered by the low-pass filter. All the in-band noise contributed by the PLL
reference and PFD circuitry is filtered out by the low-pass filter, leaving only the much lower
VCXO noise (Figure 7) outside the loop bandwidth (Figure 8). When the output frequency is
equal to the input frequency it creates one of the simplest PLL configurations. Such a PLL is
called a clock clean-up PLL. For clock clean-up applications such as these, narrow (<1 kHz)

low-pass filter bandwidths are recommended.
High Frequency Integer-N Architecture

To generate a range of higher frequencies, a VCO is used, which tunes over a wider range
than a VCXO. This is regularly used in frequency hopping or in spread spectrum frequency

hopping (FHSS) applications. In such PLLs, the output is a high multiple of the reference



frequency. Voltage controlled oscillators contain a variable tuning element, such as a
varactor diode, which varies its capacitance with input voltage, allowing a tuneable resonant
circuit, which permits a range of frequencies to be generated (Figure 9). The PLL can be

thought of as a control system for this VCO.

A feedback divider is used to divide the VCO frequency to the PFD frequency, which allows a
PLL to generate output frequencies that are multiples of the PFD frequency. A divider may
also be used in the reference path, which permits higher frequency references to be used
than the PFD frequency. A PLL like this is the ADF4108 from Analog Devices. The PLL

counters are the second essential element to be considered in our circuit.

AF
K, = AF/AV

VCO Output Frequency (MHz)

VCO Tuning Voltage (V)

Figure 9. Voltage controlled oscillator.

The key performance parameters of PLLs are phase noise, unwanted by-products of the
frequency synthesis process, or spurious frequencies (spurs for short). For integer-N PLLs,
spurious frequencies are generated by the PFD frequency. A leakage current from the
charge pump will modulate the tuning port of the VCO. This effect is lessened by the low-

pass filter and the narrower this is, the greater the filtering of the spurious frequency. An


https://www.analog.com/en/products/adf4108.html

ideal tone would have no noise or additional spurious frequency (Figure 10), but in practice
phase noise appears as a skirt around a carrier, as shown in Figure 11. Single sideband phase

noise is the relative noise power to the carrier in a 1 Hz bandwidth, specified at a frequency

offset from the carrier.

A

No Unwanted Discrete Tones
(That Is, Spurs)

No Noise
- h
Fc (Carrier Frequency)
Figure 10. Ideal LO spectrum.
———————————————— [~~Ps
=
2 Sc(f) = Pssa/Ps
g 1 Hz
< /
Y
""""""""" Psss

f, f
Frequency
Figure 11. Single sideband phase noise.

Integer-N and Fractional-N Divider

For narrow-band applications, the channel spacing is narrow (typically <5 MHz) and the
feedback counter, N, is high. Gaining high N values with a small circuit is achieved by the use
of a dual modulus P/P + 1 prescaler, as seen in Figure 12, and allows N values to be

computed with the calculation of N = PB + A, which, using the example of an 8/9 prescaler



and an N value of 90, computes a value of 11 for B and 2 for A. The dual modulus prescaler
will divide by 9 for A or two cycles. It will then divide by 8 for the remaining (B-A) or 9 cycles,
as described in Table 1. The prescaler is generally designed using a higher frequency circuit
technology, such as bipolar emitter coupled logic (ECL) circuits, while the A and B counters
can take this lower frequency prescaler output and can be manufactured with lower speed
CMOS circuitry. This reduces circuit area and power consumption. Low frequency clean up

PLLs like the ADF4002 omit this prescaler.

Frer  [Reference| F Low
fer 5
O—» DTger — ™| Phase | _ Pass [—»| VCO [ F
. Detector - our
> Filter
+B )\
_ ™ Counter
Load
Load

A

+A .
Counter (i%r‘::rgl.
High (P = 1)

Dual Modulus
Prescaler =

Total Number of Counts of Fyr in a Full F; Cycle +P/P +1

Ax(P+1)+(B-AP

AP + A + BP- AP

BP +A

FOUT = F.' X (BP + A)

Four = (Free/R) x (BP + A)

Figure 12. PLL with dual modulus N counter.

Table 1. Dual Modulus Prescaler Operation

N Value P/P+1 B Value A Value
90 9 11 2
81 9 10 1
72 8 9 0
64 8 8 0

56 8 7 0



48 8 6 0

40 8 5 0
32 8 4 0
24 8 3 0
16 8 2 0
8 8 1 0
0 8 0 0

The in-band (inside the PLL loop filter bandwidth) phase noise is directly influenced by the
value of N, and in-band noise is increased by 20log (N). So, for narrow-band applications in
which the N value is high, the in-band noise is dominated by the high N value. A system that
permits a much lower N value, but still permits fine resolution is enabled by a fractional-N

synthesizer, such as the ADF4159 or HMC704. In this manner, the in-band phase noise can

be greatly reduced. Figures 13 through 16 illustrate how this is achieved. In these examples,
two PLLs are used to generate frequencies suitable for a 5G systems local oscillator (LO) in a
range between 7.4 GHz to 7.6 GHz, with 1 MHz of channel resolution. The ADF4108 is used
in an integer-N configuration (Figure 13) and the HMC704 is used in a fractional-N
configuration. The HMC704 (Figure 14) can be used with a 50 MHz PFD frequency, which
lowers the N value and, hence, the in-band noise, while still permitting a 1 MHz (or indeed
smaller) frequency step size—an improvement of 15 dB (at 8 kHz offset frequency) is noted
(Figure 15 vs. Figure 16). The ADF4108, however, is forced to use a 1 MHz PFD to achieve

the same resolution.

Care needs to be taken with fractional-N PLLs to ensure that spurious tones do not degrade
system performance. On PLLs such as the HMC704, integer boundary spurs (generated
when the fractional portion of the N value approaches 0 or 1, like 147.98 or 148.02 are very
close to the integer value of 148) generate the most concern. This can be mitigated by
buffering the VCO output to the RF input, and/or careful frequency planning in which the

REFy can be changed to avoid these more problematic frequencies.


https://www.analog.com/en/products/adf4159.html
https://www.analog.com/en/products/HMC704.html
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Figure 13. Integer N PLL.

Loop Bandwidth < Fpp/10

7400 MHz
Y,C-:S 7401 MHz
~

Ferp
50 MHz

Ferp PFD Charge -:‘_
50 MHz T LPE

N =148 + 0/50
N =148 =1/50

/N

G/

Figure 14. Fractional-N PLL.
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For the majority of PLLs the in-band noise is highly dependent on the N value, and also on
the PFD frequency. Subtracting 20log (N) and 10log (Fprp) from the flat portion of an in-band
phase noise measurement yields the figure of merit (FOM). A common metric for choosing
PLLs is to compare the FOM. Another factor that influences the in-band noise is the 1/f
noise, which is dependent on the output frequency of the device. The FOM contribution and
the 1/f noise, together with the reference noise, dominate the in-band noise of a PLL

system.

Narrow-Band LO for 5G Communications

For communication systems, the chief specifications from the PLL perspective are error
vector magnitude (EVM) and VCO blocking specifications. EVM is similar in scope to
integrated phase noise, which considers the noise contribution over a range of offsets. For

the 5G system listed earlier, the integration limits are quite wide, starting at 1 kHz and



continuing to 100 MHz. EVM can be thought of as a percentage degradation of a perfectly
modulated signal from its ideal point expressed as a percentage (Figure 17). In a similar
manner, integrated phase noise integrates the noise power at different offsets from the
carrier and expresses this noise as a dBc number compared to the output frequency.
ADIsimPLL can be configured to calculate the EVM, integrated phase noise, and rms phase
error and jitter. Modern signal source analyzers will also include these numbers at the push
of a button (Figure 18). As modulation schemes increase in density, EVM becomes critical.
For 16-QAM, the required minimum EVM according to ETSI specification 3GPP TS 36.104 is
12.5%. For 64-QAM, the requirement is 8%. However, since EVM is comprised of various
other nonideal parameters due to power amplifier distortion and unwanted mixer products,

the integrated noise (in dBc) is usually defined separately.

(-1,1)

1, -1)

I Figure

17. Phase error visualization.
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Figure 18. Signal source analyzer plot.

VCO blocking specifications are very important in cellular systems that need to account for
the presence of strong transmissions. If a receiver signal is weak, and if the VCO is too noisy,
then the nearby transmitter signal can mix down and drown out the wanted signal (Figure
19). The illustration in Figure 19 demonstrates how the nearby transmitter (800 kHz away)
transmitting at —25 dBm power could, if the receiver VCO is noisy, swamp the wanted signal
at —101 dBm. These specifications form part of a wireless communications standard. The

blocking specifications directly influence the performance requirement of the VCO.

800 kHz
|-

 _

-25 dBm

Blocker

LO Phase

* ~101 dBm
Wanted Signal

Figure 19. VCO noise blockers.



Voltage Controlled Oscillators (VCOs)

The next PLL circuit element to be considered in our circuit is the voltage controlled
oscillator. With VCOs, a fundamental trade-off between phase noise, frequency coverage,
and power consumption is necessary. The higher the quality factor (Q) of the oscillator, the
lower the VCO phase noise is. However, higher Q circuits have narrower frequency ranges.
Increasing the power supply will also lower the phase noise. Looking at the Analog Devices
family of VCOs, the HMC507 covers a range of 6650 MHz to 7650 MHz and the VCO noise at
100 kHz is approximately —115 dBc/Hz. By contrast, the HMC586 covers a full octave from
4000 MHz to 8000 MHz, but has higher phase noise of —100 dBc/Hz. One strategy for
minimizing phase noise in such VCOs is to increase the voltage tuning range of the Vyyne to
the VCO (up to 20 V or greater). This increases PLL circuit complexity, as most PLL charge
pumps can only tune to 5 V, so an active filter using operational amplifiers is used to

increase the tuning voltage of the PLL circuit on its own.

Multiband Integrated PLLs and VCOs

Another strategy to increase frequency coverage without degrading VCO phase noise is to
use a multiband VCO, in which overlapping frequency ranges are used to cover an octave of
frequency range, and lower frequencies can be generated by using frequency dividers at the
output of the VCO. Such a device is the ADF4356, which uses four main VCO cores each with
256 overlapping frequency ranges. The internal reference and feedback frequency dividers
are used by the device to choose the appropriate VCO band, a process known as VCO band

select or autocalibration.

The wide tuning range of the multiband VCOs makes them suitable for use in wideband
instrumentation, in which they generate a wide range of frequencies. The 39 bits of
fractional-N resolution also makes them ideal candidates for these precise frequency
applications. In instruments such as vector network analyzers, ultrafast switching speed is
essential. This can be achieved by using a very wide low-pass filter bandwidth, which tunes
to final frequency very quickly. The automatic frequency calibration routine can be bypassed

in these applications by using a look-up table with the frequency values directly


https://www.analog.com/en/products/HMC507.html
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programmed for each frequency, true single core wideband VCOs like the HMC733 can also

be used with less complexity.

For phase-locked loop circuits, the bandwidth of the low-pass filter has a direct influence on
the settling time of the system. The low-pass filter is the final element in our circuit. If
settling time is critical, the loop bandwidth should be increased to the maximum bandwidth
permissible for achieving stable lock and meeting phase noise and spurious frequency
targets. The narrow-band demands in a communications link mean the optimal bandwidth
of the low-pass filter for minimum integrated noise (between 30 kHz to 100 MHz) is about
207 kHz (Figure 20) using the HMC507. This provides approximately —51 dBc of integrated

noise and achieves frequency lock to within 1 kHz error in about 51 ps (Figure 22).

By contrast, the wideband HMC586 (covering from 4 GHz to 8 GHz) achieves the optimum
rms phase noise with a wider bandwidth closer to 300 kHz bandwidth (Figure 21), achieving
—44 dBc of integrated noise. However, it achieves frequency lock to the same specification
in less than 27 us (Figure 23). Correct part selection and the surrounding circuit design are

all critical for achieving the best outcome for the application.
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Low litter Clocking

For high speed digital-to-analog converters (DACs) and high speed analog-to-digital
converters (ADCs), a clean low jitter sampling clock is an essential building block. To
minimize in band noise a low N value is desired; but to minimize spurious noise, integer N is
preferred. Clocking tends to be fixed frequency so the frequencies can be chosen to ensure
that the REFy frequency is an exact integer multiple of the input frequency. This ensures the
lowest in-band PLL noise. The VCO (whether integrated or not) needs to be chosen to
ensure that it is sufficiently low noise for the application, paying particular attention to the
wideband noise. The low-pass filter then needs to be carefully placed to ensure that the in-
band PLL noise will intersect with the VCO noise—this ensures lowest rms jitter. A low-pass
filter with phase margin of 60° ensures lowest filter peaking, which minimizes jitter. In this
manner, low jitter clocking falls in between the clock clean-up application of the first circuit

discussed in this article, and the fast switching capability of the last circuit discussed.

100



For clocking circuits, the rms jitter of the clock is the key performance parameter. This can
be estimated using ADIsimPLL or measured with a signal source analyzer. For high
performance PLL parts like the ADF5356, a relatively wide low-pass filter bandwidth of 132
kHz, together with an ultralow REFy source like a Wenxel OCXO, allows the user to design
clocks with rms jitter below 90 fs (Figure 26). Manipulating the placement of the PLL loop
filter bandwidth (LBW) shows how decreasing it too much has an effect in which VCO noise
begins to dominate at small offsets (Figure 24) where the in-band PLL noise would in fact be
lower, and increasing it too much means the in-band noise is dominating at offsets where

the VCO noise would instead be significantly lower (Figure 25).
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