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FIGURE 19.4. Image-reject mixer.

in the IF chain. Furthermore, the receiver is now susceptible to interference from
sources within the relatively large bandwidth of the front end, so linearity require-
ments become more severe (perhaps much more so). Choosing to use upconversion
therefore depends on whether the increased susceptibility to interferers is acceptable
in exchange for improved image rejection and simplified LO design.

19.2.5 DUAL CONVERSION

We’ve noted that a low intermediate frequency is demanding of preselector and LO
performance, but places no great demands on IF filtering. We’ve also noted thata high
IF increases the difficulty of realizing the channel-selective IF filters, but mitigates
the image rejection problem and therefore relaxes requirements on the preselector.
A high IF also happens to simplify LO design owing to the reduction in required os-
cillator tuning range.

A dual-conversion receiver uses two IFs in an effort to combine the benefits of
both downconversion and upconversion architectures by using both techniques to-
gether. In a dual-conversion superheterodyne receiver, a first mixer produces a high
IF to take care of the image rejection issue, while a second mixer and low IF ease the
channel selection problem. Some receivers employ a third IF to provide even greater
flexibility in the tradeoff. Most modern hi gh-performance receivers implemented in
discrete technologies use a dual-conversion architecture, with the frequency plan de-
termined in large part by what high-quality filters are available at reasonable cost.

19.2.6 THE IMAGE-REJECT RECEIVER

The image-reject receiver employs a complex mixer that exploits the relationship be-
tween the desired signal and the undesired image to cancel the image during the mix-
ing process. Thus, no preselector filter is needed (at least in principle), and design of
the overall architecture can proceed with diminished concern for the image problem.
In particular, arelatively low IF may be chosen to ease the requirements on IF filtering,
analog-to-digital conversion, and subsequent baseband processing. See Figure 19.4.
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FIGURE 19.5. Weaver architecture.

To perform this miracle, the RF signal feeds two mixers. Two LO signals, in quad-
rature, drive the other mixer ports. The desired difference frequency component is
the same in both mixer outputs, but the image terms are in quadrature. In the clas-
sic implementation shown, a constant-gain, frequency-independent 90° phase shifter
allows simple addition of the two signals to cancel the undesired image terms.

Because it is somewhat difficult to build broadband quadrature phase shifters, the
alternative architecture (due to Weaver?) shown in Figure 19.5 is often attractive. In
the Weaver architecture, a pair of quadrature mixing operations eliminates the need
for the phase shifters. As long as the two pairs of LO signals are truly in quadrature

and the gains in the two paths are perfectly matched, there will be perfect cancella-

tion of the unwanted image.

Effect of Gain and Phase Errors

Complete image rejection in the preceding architectures depends on perfect phase
quadrature and perfect gain matching. Of course, it is more realistic to assume that
neither condition is satisfied in practice. The ultimate rejection of the image then de-
pends on the levels of matching achieved. To quantify the matching requirement,
first consider explicitly the effect of gain errors in the block diagram of Figure 19.4.
Specifically, but without loss of generality, let the I and O signals model all the error
as follows:

I = Bcos(wrot), (10)
0 = Asin(wrot?). eh))

If the RF input signal is cos(wgrg?), then the output of the I mixer is

B
’Z_[COS(CURFt + wiot) + cos(wrrt — wrot)] (12)

2 D. K. Weaver, “A Third Method of Generation and Detection of Single-Sideband Signals,” Proc.
IRE, December 1956, pp. 1703-5.
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and the output of the Q mixer is

A )
—2—[sin(a)RFt + wrot) — sin(wrrt — wrob)]. (13)

The low-pass filters remove the sum frequency component, while the 90° phase shifter
converts (minus) sine to cosine.

The sensitivity of the difference frequency component in Eqn. 13 to the sign of the
argument is ultimately the source of this mixer’s image rejection property, since an
RF signal above the LO frequency by an amount equal to the IF produces an IF sig-
nal with a sign opposite to that produced by mixing down the image. Phase shifting,
and then summing with a cosine-mixed version of the LO, results in a reinforcement
of the desired component and a simultaneous suppression of the image.

For an RF signal above the LO, the overall output may be expressed as

1A cos(wipt) 4 B cos(wirt)]; (14)
the image RF signal produces an output given by
[~ Acos(wrt) + B cos(wr)]- (15)

Let us define the image rejection ratio (IRR) as the power ratio of the desired output
to the undesired output. Then

2 2 2
1 A 4
IRR gip = [A_f_B _ t B/ :| _ 1_;(1__'-_81 ~ (16)
A—B 1— B/A 1—(1+e¢) €

in the last approximation, it is assumed that the gain error ¢ is much smaller than
unity. As we shall see shortly, the gain error of any practical image-reject mixer must
satisfy this inequality in order to meet realistic performance specifications. Hence,
the approximation is guaranteed to be valid in all cases of practical interest.

One may carry out an analogous derivation assuming perfect gain matching but
imperfect 90° phase shift. In that case, the IRR due to a departure A¢ (in radians)
from quadrature may be expressed as

/£

(Ap)*>

Again assuming small gain and phase errors, the net IRR may be computed using the
sum of the errors given by Eqn. 16 and Eqn. 17:

IRR ppase = | + 4(cot Ag)” =~ (17)

IRR o & (18)

(Ag)? + &2

It is quite difficult to achieve much better than about a 0.1% gain error and a 1°
phase error, particularly at high frequencies, without some form of calibration. These
numbers correspond to an IRR of about 41 dB. More typically, image rejection is
rarely significantly better than about 35 dB. Because most receivers require much
Jarger (e.g. 80-dB) image rejection, the image-reject architecture alone rarely pro-
vides sufficient rejection. Autocalibration can help close the gap, but it is unlikely to
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FIGURE 19.6. Passive analog
quadrature generator.

provide an additional 40 dB of image rejection. Hence, additional filtering is usually
required.

Aside from that limitation, an additional drawback of the image-reject mixer is that
mixers are noisy and can be power-hungry, so adding another one can be unattractive
from the perspective of power consumption and dynamic range.

Quadrature Generators

The image-reject mixer requires the ability to generate quadrature phase shifts. Al-
though it isn’t difficult to provide a 90° shift over a broad frequency range, it is much
harder to maintain a constant amplitude response at the same time. In fact, no finite
network can provide both a constant phase shift and a constant gain magnitude over
an infinite frequency range, so one must settle for approximations that work well only
over some limited range.

The RC—CR network shown in Figure 19.6 is a popular method for generating
quadrature signals over a narrow frequency band. The phase shift is 90° at all fre-
quencies, but the magnitude response is not constant.

The phase shift of the / branch is zero at DC, and asymptotically heads down to-
ward —90° as the frequency approaches infinity. The phase shift of the Q branch
starts off at +-90° at DC, and heads downward toward zero with the same functional
shape as the I branch. Hence, even though the phase shift of each RC branch is not
constant, the 90° difference between them is.

Unfortunately, the amplitude of each output changes dramatically with frequency,
since the I branch is low-pass in nature whereas the Q branch is a high-pass filter.
The amplitudes of the two outputs are equal only at the pole frequency:

1
~ RC’
There is, of course, a 3-dB attenuation at this frequency, so one must accept this sig-
nificant loss when using this network. Furthermore, this network is thermally noisy,
and its contribution to overall noise figure must be kept under control.

The design of this quadrature generator is straightforward in principle: the resistor
and capacitor values are chosen to set the pole frequency equal to the operating fre-
quency. In so doing, the effect of parasitic loading must be taken into account. Even
50, an amplitude mismatch is all but inevitable because of component tolerances. If
necessary, one may restore amplitude equality with a variable gain amplifier in an

(19)

w
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FIGURE 19.7. Digital quadrature generators.

AGC loop or with a limiter. Clearly, this type of compensation is effective only in
generating one frequency at time, such as in producing a quadrature LO.

In such single-frequency applications, it may be appropriate to consider alternative
quadrature generation methods that automatically provide equal-amplitude outputs.
Quadrature oscillators, consisting of two integrators in a feedback loop, can inher-
ently produce equal-amplitude sine waves in quadrature (see Chapter 17).

In those instances where square-wave signals are acceptable, one may use digi-
tal circuits to eliminate the amplitude matching problem. Ring oscillators, in which
differential gain stages are used (in a two- or four-stage ring, for example), can also
produce excellent quadrature outputs. Such an oscillator must be embedded within
a PLL in order to set the frequency.

Other digital options that do not require a PLL involve clocked circuits (see Fig-
ure 19.7). The first circuit produces quadrature outputs whose frequency is one fourth
that of the clock, so the clock frequency may have to be exceedingly high. One at-
tribute of the circuit, though, is that it is insensitive to the duty cycle of the incoming
clock, since state changes occur only on the rising edge.

The output of the second circuit is at one half the clock frequency, so this circuit
demands less of the circuitry. However, since state changes occur on both rising and
falling edges of the clock, the quality of the quadrature outputs is now sensitive to
the duty cycle of the clock. If the clock and its inverse are generated with the crude
method shown, further degradation results from the propagation delay of the inverter.

Various other phase-shifting methods have evolved to handle those cases where
one must provide a quadrature relationship to a relatively broadband signal. A com-
mon example is the passive RC network shown in Figure 19.8.

The geometric mean of the RC frequencies is chosen equal to the desired center
frequency. The detailed selection of the individual stage RC time constants to satisfy
an arbitrary gain constancy constraint is quite involved, but an extremely crude rule of
thumb often suffices for a first-cut design. Each stage provides reasonably constant
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FIGURE 19.8. Two-stage broadband quadrature generator.

gain (within about 0.2 dB) over roughly a 10% bandwidth, so the required number of
stages is determined by the bandwidth over which a constant gain is required. The
two-stage design shown can provide relatively constant gain over approximately a
+20% bandwidth about the center frequency by staggering the two time constants.
For example, to design for a 1-GHz center frequency, one might choose R;C; to cor-
respond to about 900 MHz, while R,C, might be selected to correspond to about
1.1 GHz.3 A significant disadvantage of this network, however, is its attenuation and
high noise.

This type of network provides multiple output phases and thus is known as a
polyphase filter. 1t is exceptionally good at providing quadrature outputs yet has a
versatility that extends well beyond that function, as we’ll see shortly.

To understand first why the polyphase network can generate quadrature so well,
consider redrawing the network as shown in Figure 19.9 (only one stage is shown
for clarity). Suppose that the input signals are not quite in quadrature. As a specific
example, suppose that Qj, is closer to I, than it should be. If we imagine this im-
perfection as a slight clockwise rotation of Qi and Qj,_b in the octagonal layout on
the right, then we see that Qo moves a little clockwise from where it should be,
but so does I,y. This circuit thus improves quadrature as signals pass through it.*
Cascading such stages provides additional improvement. The ultimate limitations

3 This network is evidently due to M. J. Gingell, “Single Sideband Modulation Using Sequence
Asymmetric Polyphase Networks,” Electrical Communication, v. 48, 1973, pp. 21-5. Practical ex-
amples that function over a decade frequency range for SSB generation using Hartley’s phasing
method may also be found in various editions of the ARRL Handbook for Radio Amateurs, from
about 1981 to 1992. See also British Patent #1,174,710 (filed 7 June 1968, granted 17 December
1969) as well as its U.S. counterpart, #3,559,042 (filed 19 May 1969, granted 26 January 1971).

4 As a consequence, the requirements for component matching are looser in the early stages than in
the later ones.
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FIGURE 19.9. Two equivalent ways fo draw a single-stage polyphase filter.

are imposed by mismatch in the components and in the loads on the various output
nodes. These loads include, of course, ever-present parasitics. As long as one ac-
commodates all of these effects in the design of the networks, excellent quadrature is
assured.” For this reason, the polyphase network is extremely popular among hams
for SSB generation using the phasing method of Hartley.® There, a multistage cas-
cade of filters provides good quadrature over the baseband bandwidth, and a separate
polyphase filter is often used to generate good quadrature for the mixers.

The same properties that make it attractive for quadrature and SSB generation
make the polyphase filter useful for image rejection. Just as SSB generation requires
(in effect) the ability to distinguish between negative and positive frequency base-
band components, image rejection requires the ability to distinguish between signals
that are negatively and positively offset from a carrier. However, an ordinary filter
by itself cannot make such a distinction; the magnitude response is a function of fre-
quency alone. An ordinary image-reject filter may thus have to exhibit extraordinary
steepness in order to function (as in Carson’s SSB generation method).

Another way of using ordinary filters to provide image rejection is to decompose
a signal into its separate orthogonal components through a quadrature downconver-
sion, leaving us with two real signals. A pair of real filters may then process those
in-phase and quadrature signals separately from that point on. This method is the

3 Additionally, one must always bear in mind the lossiness (and attendant noise) of these networks.

6 In discrete implementations, the Weaver method has not found wide use for SSB generation. Re-
call that, unlike the methods of Carson and Hartley, mixer offsets in a Weaver modulator produce
an in-band tone. This artifact is generally much more objectionable than catrier leakage, and the
cancelling of multiple offsets that is needed to eliminate it is more bother than most wish to bear.
Consequently, the phasing method has shown enduring popularity among amateur radio enthusi-
asts. The polyphase filter’s invention has largely taken care of what was once the most difficult
part: designing the phase shifter.
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FIGURE 19.10. Idealized computer mouse
(only one of two wheel assemblies shown).

essence of the Weaver architecture, and fundamentally it seeks to implement a com-
plex filter with a pair of real filters.

Another option is simply to implement a complex filter directly. Such a filter op-
erates on two (or more) inputs simultaneously and generally produces two (or more)
outputs. The most natural and common choice is to drive a complex filter with in-
phase and quadrature components that represent the real and imaginary parts of a
complex signal. Such a filter’s magnitude response is a function not only of fre-
quency but also of the phase relationships between the two inputs. This dual sensi-
tivity means that such a filter potentially responds differently to positive and negative
frequency components, allowing us to discriminate against (say) an image signal.

Conventional demonstrations of complex filters usually begin with the theory of
complex signals — invoking Hilbert transforms, if not a host of trigonometric identi-
ties. The reader is encouraged to investigate that rigorous approach independently;
it’s good for you, like broccoli. Here, however, we pursue a somewhat different ap-
proach and study how a conventional computer mouse works.

A mouse?

Yes, and here’s why. A mouse needs to respond not only to speed (frequency),
but also to direction (the sign of that frequency); a mouse that cannot distinguish be-
tween upward and downward motions is not a very useful device. These are the same
requirements that we must satisfy to generate SSB as well as to reject images. So, if
we understand how a mouse works, we’ll have developed the key insights we need
to understand complex filters.

Construction details vary among manufacturers, but Figure 19.10 captures the es-
sential features of a basic mechanical mouse (real mice have more teeth). In this
imagined implementation of a mouse, optically opaque teeth are disposed around a
wheel that are set up to interrupt intermittently the light paths of a pair of photoemit-
ters and photodetectors as the wheel rotates. Thus, when one emitter—detector path
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FIGURE 19.11. Polyphase image-reject filter.

is fully obscured (corresponding to a logic zero, say), the other is on the verge of un-
blocking. Depending on the direction of rotation, the I signal will lead or lag the )
signal. For example, if the wheel is rotating counterclockwise, the rising edge of I
precedes that of Q by 90°. If the rotation is clockwise, then the rising edge of / lags
that of @ by 90°. This arrangement thus produces a pair of output signals that tells
us both the frequency and direction of rotation. These attributes are precisely those
used by a polyphase filter.’

Observe that if we have access to only one of the outputs then the only infor-
mation conveyed is the magnitude of the frequency (speed of mouse motion). Any
subsequent processing of the mouse signal is therefore limited to operations that take
frequency — and only frequency —as an input. However, with access to both I and Q
we could build a filter that would, for instance, make the mouse respond only to mo-
tion in one direction. Disregarding the undesirability of such a mouse, we recognize
the deeper principle: Knowledge of both I and Q enables us to perform the desired
discrimination against, say, a negative-frequency “image.”

As a specific electronic example, consider the application of a polyphase filter dis-
played as Figure 19.11. This system first uses a pair of quadrature mixers to resolve
an input signal into its in-phase and quadrature components. The polyphase filter
then accepts both components as filter inputs and processes them as an ensemble.

7 You may see reference to terms such as “sequence asymmetry” and the like. The term sequence may
be taken as synonymous with frequency for the most part. Strictly speaking, what is meant is the
sequence of vectors encountered as the phasor rotates. Hence, a positive sequence might be defined
asl, Q,I_b,and O_b (corresponding to a counterclockwise rotation in our mouse diagram). Asym-
metry refers to the possibility that the frequency response magnitude may be different for positive
and negative frequencies (sequences). Finally, the term polyphase derives from the multiplicity of
input or output phases that such a filter processes.
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As with the mouse example, the filter has the ability to treat negative and positive
frequency components differently. In this particular case, the frequency response is
indeed different for positive and negative frequencies, as seen in Figure 19.12.

We see that the polyphase filter used this way is actually a bandstop filter. By
choosing the zero location(s) properly, we may suppress the negative-frequency com-
ponents and thereby reject the undesired image. This property has been exploited to
enable good performance from a low-IF (also known as a near-zero IF, or NZIF) ar-
chitecture.® As noted earlier, one may cascade several stages to obtain broader band
rejection.

One impediment to doing so is that deriving the transfer functions by hand for
polyphase filters of varying order is an unpleasant exercise. It’s bad enough for the
second order, but it’s completely hopeless for the third order and above. It’s so un-
pleasant, in fact, that we won’t even leave it to the reader as a homework problem,
tempting as that may be. Many published examples seem to have been designed by
trial and error (at least, these publications are conspicuously silent about the specific
methods used). Instead of making you (or us) derive them, we will simply provide
explicit formulas that have been kindly derived elsewhere.” In all that follows, the
transfer functions are defined in terms of the complex representations of signals:

Vin(®) = Iin(®) + jOu(?), (20)
Vout(t) = Iout(t) + jQOU[(t)a (21)
For the first-order filter, the transfer function is

Vou[(jw) . 1+&)RC
Vi(jo) 14 joRC’

Gi(jw) = (22)

8 J. Crols and M. Steyaert, CMOS Wireless Transceiver Design, Kluwer, Dordrecht, 1998.

9 H. Kobayashi et al. cite the use of Mathematica to perform the actual derivation in their paper,
“Explicit Transfer Function of RC Polyphase Filter for Wireless Transceiver Analog Front-End,”
Proceedings of APASIC, 2002.
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The second-order filter’s transfer function is a little more involved, but still tractable:
. (1+ wR C)(1 + wRC>)

Gy(jw) = -~ . .

1 — w?RC\R2C + jw(RiCy + R>C> +2R,C3)

The transfer function for the third-order filter, on the other hand, is big enough
that we can’t even write it down in one go. We need to break it into pieces:

N(jw)

(23)

Gi(jw) = ] 24
3(jw) D(jo) (24)
where
N(jw) =1+ wR;C)(A + wR,C2)(1 + wR3C3). (25)

The denominator is

D(jw) = Dr(jo) + jDi(jo), (26)
with

Dr(jo) = 1 — @*[RICIR2C2 + RyC2R3C5

+ R,C{R3C3 + 2R C3(RyC1 + RoCa + R:Cy)1 (27)

and

D[(ja)) — a)[R1C1 + R,Cy + R;C3 + 2(R1C2 + R,C3 + R1C3)]
— w’R{C1R,CoR5C3. (28)

Note that all of these filters exhibit notches at negative frequencies, as in the first
example. Observe further that the notch locations are simple RC products, where
cach RC is that of an individual section. These observations help to converge on a
final design much more quickly by guiding the choice of an initial set of component
values. It is common practice (but by no means essential or necessarily optimum) to
choose all the capacitors equal in value and then to vary only the resistance values.
As a further guide to designing broadband polyphase filters, choose the geometric
mean of the zero frequencies equal to the center frequency of the filter. Then, vary
the ratio of the zero frequencies and investigate the worst-case stopband rejection.
If insufficient, reduce the ratio and add more cascaded sections. In general, you will
need to supplement this work with an accommodation of component tolerances and
mismatch. Monte Carlo simulation techniques work well for these relatively simple
structures.

19.2.7 DIRECT CONVERSION

The upconversion and dual-conversion receiver architectures seek to solve the image
rejection problem by using a high IF to displace the image enough to allow a simple
filter to provide the necessary rejection. An alternative choice is to use a downcon-
version architecture in which the intermediate frequency is zero. Since a signal and
its image are separated by twice the IF, a zero IF implies that the desired signal is its
own image. Therefore, goes the argument, there is no image to reject and hence no
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FIGURE 19.13. Direct-conversion receiver.

need for a front-end image-reject filter; front-end filtering requirements thus become
especially easy to satisfy.!* Furthermore, with a zero IF, all subsequent baseband
processing can take place at the lowest possible frequency. For example, relatively
low-frequency analog-to-digital conveters (ADCs) and digital-signal processing en-
gines can implement the channel filter, as well as perform demodulation and ancillary
housekeeping functions. Hence, no external filters are required (in principle, any-
way). Furthermore, the flexibility inherent in digital approaches opens the possibility
for a “universal” receiver, one that can accommodate many different standards with
one piece of hardware; see Figure 19.13.

The most general direct-conversion receiver requires fwo mixers and LOs. The
reason is that the phase of the LO with respect to the incoming RF signal is impor-
tant. If the phases are coincident (or anticoincident), the demodulated signal is of
maximum strength. If the phase relationship happens to be a quadrature one, the de-
modulated signal is zero.

In order to accommodate arbitrary phase relationships between the RF and LO
signals, then, a mixer must be augmented with another one driven by an LO in quad-
rature with the first one. By combining the outputs of these two mixers, correct
demodulation is possible with arbitrary input phase. Mismatch in the / and Q paths
is not nearly as serious here as in an image-reject architecture because — rather than
attempting to reject the image — this architecture actually exploits the “image.” The
only effect of mismatches is some distortion.

With all of these attributes, it seems as if the direct-conversion receiver has no
peer, especially for amenability to IC implementation. Indeed, the ubiquitous pager
is often a direct-conversion receiver. The simple architecture (and simple signaling
scheme) thus appears to permit a highly integrated, low-cost realization.

10 Tt is nonetheless generally good practice to use some type of filter in any case — to avoid, for ex-
ample, out-of-band interferers overloading the front end.





