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> Narrow channel bandwidth impacts the RF design of the transceiver.
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» Second, the filter would need a variable, yet precise center frequency
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A 900-MHz GSM receiver with 200-kHz channel spacing must tolerate an alternate
adjacent channel blocker 20 dB higher than the desired signal. Calculate the Q of
a second-order LC filter required to suppress this interferer by 35 dB.

Solution:

As shown in below, the filter frequency response must provide an attenuation of 35 dB at
400 kHz away from center frequency of 900MHz. For a second-order RLC tank, we write the
impedance as RILs
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41\8) = Frrd g Lot B e | )
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> All of the stages in the receiver chain that precede channel-selection filtering
must be sufficiently linear

» Channel selection must be deferred to some other point where center
frequency is lower and hence required Q is more reasonable

» Most receiver front ends do incorporate a “band-select” filter
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> The front-end band-select filter suffers from a trade-off between its selectivity
’ and its in-band loss because the edges of the band-pass frequency response
can be sharpened only by increasing the order of the filter.

» Front-end loss directly raises the NF of the entire receiver
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> Infull-duplex standards, the TX and the RX operate concurrently.

» With a 1-W TX power, the leakage sensed by LNA can reach -20dBm, dictating
| a substantially higher RX compression point.
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Explain how a band-pass filter following the LNA can alleviate the TX-RX leakage
in a CDMA system.

Solution:

As depicted in below, if the BPF provides additional rejection in the TX band, the linearity
required of the rest of the RX chain is proportionally relaxed. The LNA compression point,
however, must still be sufficiently high.
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“Heterodyne” ’ receivers e employ an LO frequency unequal to w,,, and hencea

nonzero IF

» A Mixer performing downconversion.

Due to its high noise, the downconversion mixer is preceded by a low-noise
amplifier
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>ConstantLOeach RF channel is downconverted to a different IF channel
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> Constant IF: LO frequency is variable, all RF channels within the band of

mterest translated to a smgle value of IF
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» Two spectra located symmetrically around w, o, are downconverted to the IF
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Suppose two channels at w, and w, have been received and w, < w,. Study the

downconverted spectrum as the LO frequency varies from below w, to above w..

Solution: W o< W,

+ 0 -0Lp ‘ ;
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Suppose two channels at w, and w, have been received and w, < w,. Study the
downconverted spectrum as the LO frequency varies from below w, to above w..

Solution:

| &
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gl

-
=y =)y 0 +1)q  +0p O
— Lo 0 +mLo 0]
S5 o “ = ?I';
+M1-OLo~ =+
©

——r e s s — = — = c———————

Wo > W,

%

=ML0

o

At

14



Formulate the downconversion above using expressions for the desired signal
and the image.

Solution: Ac'n.(r] COS[‘-‘V‘-&J + éin(f ]] and A;,, (1) C":"s'[“-"-é.m.?t T é-&m(f]]

1 |
rpp(t) = E‘--L:n.(f}:h;o cos|(win + wLo )t + ¢in(t)] — EA;'H.(me [cos(win — wro )t + Pint]
1
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We observe that the components at w;, +w,, and w;,, +w,, are removed by low-pass filtering,
and those at w;, - W, o = -wF and w;,, - W, o = +wWy coincide.
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The designer of an IEEE802.11g receiver attempts to place the image frequency in
the GPS band, which contains only low-level satellite transmissions and hence no
strong interferers. Is this possible?

Solution:

The two bands are shown below. The LO frequency must cover a range of 80MHz but,
unfortunately, the GPS band spans only 20 MHz. For example, if the lowest LO frequency is
chosen so as to make 1.565 GHz the image of 2.4 GHz, then 802.11g channels above 2.42
GHz have images beyond the GPS band.

GPS Band 11g Band

i L

] . H i -
1.565 1.585 2.400 2.480 4
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A dual-mode receiver is designed for both 802.11g and 802.11a. Can this receiver
operate with a single LO?

The following figure (top) depicts the two bands. We choose the LO frequency halfway
between the two so that a single LO covers the 11g band by high-side injection and the 11a
band by low-side injection. This greatly simplifies the design of the system, but makes each
band the image of the other. For example, if the receiver is in the 11a mode while an 11g
transmitter operates in close proximity, the reception may be heavily corrupted. Note that
also the IF in this case is quite high, an issue revisited later.

11g Band 11a Band
: . £ ; : : : -
A
2.40 2.48 315 5.35 5.725 5.825 rf
GHz
@) (GHz)
IT -
flo f
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> The most common approach is to precede the mixer with an “image-reject filter”

» A filter with high image rejection typically appears between the LNA and the

mixer so that the gain of the LNA lowers the filter’s contribution to the receiver
noise figure

» The linearity and selectivity required of the image-reject filter have dictated
passive, off-chip implementations.
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> Alow IF helps with the suppression of in-band interferers.
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An engineer is to design a receiver for space applications with no concern for
interferers. The engineer constructs the heterodyne front end shown in figure
below (left), avoiding band-select and image-select filters. Explain why this design
suffers from a relatively high noise figure.

Even in the absence of interferers, the thermal noise produced by the antenna and the LNA
in the image band arrives at the input of the mixer. Thus, the desired signal, the thermal
noise in the desired channel, and the thermal noise in the image band are downconverted to
IF, leading to a higher noise figure for the receiver (unless the LNA has such a limited
bandwidth that it suppresses the noise in the image band). An image-reject filter would
remove the noise in the image band. We return to this effect in Chapter 6.

®WLo
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> The front-end filter selects the band while providing some image rejection as
- well (Point B)
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After amplification and image-reject filtering, spectrum of C obtained
Sufficiently linear mixer translates desired channel and adjacent interferers to

first IF (Point D)

E

F
J.l' (¢ - I:> _m_l. 38

4/ f f

Partial channel selection BPF; permits the use of a second mixer with

reasonable linearity. (Point E)
Spectrum is translated to second IF. (Point F)
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> BPF, suppresses the interferers to acceptably low levels (PointG)

> An optimum design scales both the noise figure and the IP3 of each stage
f accordlng to the total galn precedlng that stage
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Assuming low-side injection for both downconversion mixers in figure above,
determine the image frequencies.

Solution:

As shown below, the first image lies at 2w, o, -w;,. The second image is located at 2w, ;. -

(Win = WL o1). '
Mim1

mLD1 1Uﬂ‘m

| | e

]
Oim2 D02 Wjp=WLoq

ey
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Figure below (left) shows a 2.4-GHz dual downconversion receiver, where the first
LO frequency is chosen so as to place the (primary) image in the GPS band for

420 MHz Received
Spectrum
®_, BPF _..(2)_.. 20 MHz /V\
2.4 GHz

2.4 GHz :'E'E 4.38 GHz f
RO)
:‘E W
(O o1 O o2 rls
1.98 GHz 400 MHz

Let us consider the second harmonic of LO,, 800MHz. If an interferer appears at the first IF
at 820MHz or 780MHz, then it coincides with the desired signal at the second IF. In the RF
band, the former corresponds to 820MHz+1980MHz = 2.8 GHz and the latter arises from
780MHz+1980MHz = 2.76 GHz. We can also identify the image corresponding to the second
harmonic of LO, by writing f,, - 2f, o1 - f.02 = 20 MHz and hence f;, = 4.38 GHz. Figure above
(right) summarizes these results. We observe that numerous spurs can be identified by
considering other combinations of LO harmonics.

(Mixing Spu VSJ_,__ Wint £ MWLOL £ NWLO2 = Win — WLO1 —WLO2{
» REF input multiplied by a square-wave LO. Producing harmonics.
> Ifan interferer is downconverted to the same IF, it corrupts the signal
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» To avoid secondary image, most modern heterodyne receivers employ a zero
- second IF.

> In this case, the image is the signal itself. No interferer at other frequencies
' can be downconverted as an image to a zero center frequency if w; o, =W,
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Suppose the desired signal in figure above is accompanied by an interferer in the
adjacent channel. Plot the spectrum at the second IF if w, o, = W/g4-

As shown below, the desired channel appears at =+ w;,; and is accompanied by the
interferer. Upon mixing in the time domain, the spectrum at negative frequencies is
convolved with the LO impulse at +w,(,, sliding to a zero center frequency for the desired
channel. Similarly, the spectrum at positive frequencies is convolved with the impulse at
-W; o2 and shifted down to zero. The output thus consists of two copies of the desired
channel surrounded by the interferer spectrum at both positive and negative frequencies.

Desired Interferer

Channel
T 0 m
l ®
=) 0 *Op; ©
“‘ T E—
l -
=(Lo2 0 *WLo2 )
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AM signal generation FM signal generation

> AM signals are symmetric, FM signals are asymmetric.

» Most of today’s modulation schemes, e.g., FSK, QPSK, GMSK, and QAM,
| exhibit asymmetric spectra around carrier frequency.
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> Downconversion to a zero IF superimposes two copies of the signal

» If the signal spectrum is asymmetric, the original signal spectrum will be
. corrupted
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Downconversion to what minimum intermediate frequency avoids self-corruption
of asymmetric signals?

Solution: e - Ogy

I\ | /I

| A
_Ysw 0 Opw

2 2

ey

To avoid self-corruption, the downconverted spectra must not overlap each other. Thus, as
shown in figure below, the signal can be downconverted to an IF equal to half of the signal
bandwidth. Of course, an interferer may now become the image.
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Quadrature downconversion —*®_’ xpp,(t)
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> By creating two versions of the downconverted signal that have a phase

difference of 90°
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> Modern heterodyne receivers employ only one oscillator

» The second LO frequency is therefore derived from the first by “frequency
~ division”
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Suppose the input band is partitioned into N channels, each having a bandwidth
of (f, - f,)/N = Af. How does the LO frequency vary as the receiver translates each
channel to a zero second IF?

Solution:

The first channel is located between f; and f,+Af. Thus the first LO frequency is chosen
equal to two-third of the center of the channel: f, o = (2/3)(f; + Af/2). Similarly, for the second
channel, located between f;, + Afand f; + 2Af, the LO frequency must be equal to (2/3)(f, +
3Af/2). In other words, the LO increments in steps of (2/3)A f.
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With the aid of the frequency bands shown in figure above, determine the image
band for the architecture of the sliding-IF heterodyne RX.

Solution:

For an LO frequency of (2/3)f,, the image lies at 2f,, - f;, = f,/3. Similarly, if f,o; = (2/3)f,, then
the image is located at f,/3. Thus, the image band spans the range [f,/3 f,/3]. Interestingly,
the image band is narrower than the input band.

Image Band RF Band

> Narroweri |mage

~ band? ;

1 1 fi fo f
No, recall from the above example that 37 302
the LO increments by (2/3)A fas we go LO Band

from one channel to the next. Thus,
consecutive image channels have an
overlap of Af/3.

2 2
x £y
3 1 32

~Y
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. Mayincorporate grester divideratios g4
. 1 .
fro1 + EfLOl = fin

_ 4
fro1 = gfé-n-

> Second LO f,/5, slightly lower, desirable because generation of LO quadrature
’ phases at lower frequencies incurs smaller mismatches

» Reduces the frequency difference between the image and the signal, difficult to
’ reject image.
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We wish to select a sliding-IF architecture for an 802.11g receiver. Determine the
pros and cons of a = 2 or a = 4 circuit in the LO path.

Image Band RF Band Image Band RF Band
EI'..J'IHz 80 MHz 20 MHz 80 MHz
-I3—l-~ | LN - ~ut =

M. A .

0.800 0.827 2.400 2.480 f 1.440 1.488 2.400 2430 r
(GHz) (GHz)
Divide-by-2 circuit Divide-by-4 circuit
With a <2 circuit, the 11g band (2.40-2.48 GHz) requires an LO range of 1.600-1.653 GHz and
hence an image range of 800-827 MHz. Unfortunately, since the CDMA transmit band begins
at 824 MHz, such a sliding-IF receiver may experience a large image in the range of 824-827
MHz.

With a <-4 circuit, the LO range is 1.920-1.984 GHz and the image range, 1.440-1.488 GHz.
This image band is relatively quiet. (Only Japan has allocated a band around 1.4 GHz to
WCDMA.) Thus, the choice of the -4 ratio proves advantageous here if the LNA selectivity

can suppress the thermal noise in the image band. The first IF is lower in the second case
and may be beneficial in some implementations.
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» Channel selection is performed by on-chip low-pass filter
» Mixing spurs are considerably reduced in number
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(a)device capacitances between LO and RF ports of mixer and device
capacitances or resistances between the output and input of the LNA

(b)the substrate to the input pad, especially because the LO employs large on-
chip spiral inductors
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Determine the LO leakage from the output to the input of a cascode LNA.

Solution: R:“”
Voo =roz V' Vx - VE (i{)gmzvz %rm —é Yx
M, = =
= Cap1 X
CGD‘I III!rill"lt +
Vamt My Rant Vant 91 Vant

Ra nt

K= _[L;"”I - I"Em.t/( Izt‘t-n-ic‘{;l)l*g )]

. "'ﬁni lu nit - 1 . . ,‘":zm
(I’ﬁ,ni + - 2 Gm?2 + —++ g-ml‘—';cmi — R IY 5 I"-:nruf ‘l‘ - ;
R:m-!.(-_' GD1S Ra nt roe R‘ﬂ nt C‘GDI"—"
If 9m: >>1/ Foz I"'-f.t-m! o (-_rf_'}'ﬂl'ﬁ JRr.: el

1_\ N (gmlf?m:r,f =t Efmszf.mt = I)CT{'_?UIS + G2 roz '
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> LO leakage can be minimized through symmetric layout of the oscillatorand
the RF signal path

» LO leakage arises primarily from random or deterministic asymmetries in the
| circuits and the LO waveform
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> Afinite amount of in-band LO leakage appears at the LNA input. Along with the
~ desired signal, this component is amplified and mixed with LO.

» May saturates baseband circuits, simply prohibiting signal detection.
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A direct-conversion receiver incorporates a voltage gain of 30 dB from the LNA
input to each mixer output and another gain of 40 dB in the baseband stages
following the mixer. If the LO leakage at the LNA input is equal to -60 dBm,
determine the offset voltage at the output of the mixer and at the output of the
baseband chain.

Solution:

What does A, = 30 dB mean? If a sinusoid V, cos w;,t is applied to the LNA input, then the
baseband signal at the mixer output, V,, cos(w;, - w,o)t, has an amplitude given by

1'}:-{} — .":-l'l,’] : ‘h A, ,1=30dB A,»=40dB
- - - -
Thus, for an input V., cos w,of, S
the dc value at the mixer output is equal to "—'"* LPF II>
Since Ay; = 31.6 and V.., = (632/2) uV, LNA
we have V,, =10 mV. coswi ot
Amplified by another 40 dB, sin® ot

this offset reaches 1V at the baseband output!

7
+®_>
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The dc offsets measured in the baseband / and Q outputs are often unequal.
Explain why

Solution:

Suppose, in the presence of the quadrature phases of the LO, the net LO leakage at the
input of the LNA is expressed as V., cos(w ot+P,..« ), Where @, arises from the phase
shift through the path(s) from each LO phase to the LNA input and also the summation of
the leakages Vo cos w, ot and V, o sinw, ot . The LO leakage travels through the LNA and
each mixer, experiencing an additional phase shift, @, and is multiplied by V,, cos w, ot
and V,, sin w,ot. The dc components are therefore given by Thus, the two dc offsets are
generally unequal.

® ]
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> Such network also removes a fraction of the signal’s spectrum near zero
frequency, introducing intersymbol interference

> Modulatlon schemes that

contain little energy around the
carrier better lend themselves to
ac coupling in the baseband.

f > A drawback of ac coupling
Small modulatlonlndex Large modulatlon index | stems from its slow response to

translentinput. =~
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Figure below shows another method of suppressing dc offsets in the baseband.
Here, the main signal path consists of G,,; (a transconductance amplifier), R,, and
A,, providing a total voltage gain of G,,;,RpA,. The negative feedback branch
comprising R,, C, and -G, returns a low-frequency current to node X so as to
drive the dc content of V,,, toward zero. Note that this topology suppresses the dc
offsets of all of the stages in the baseband. Calculate the corner frequency of the

circuit.

Solution:

l|H
L

Chapter 4 Transceiver Architectures

Recognizing that the current returned by -G, to
node X is equal to -G, V,,~(R;C,s + 1) and the
current produced by G,,; is given by G,,,V;,, we
sum the two at node X, multiply the sum by R,
and A,, and equate the result to V,;

( _(_}r"’hF Iru ut
R](-il.!% + 1

+ C;mll rr'n,) RD*’;il — "':}-uf

It follows:
"T:;u,i . G:m] R‘Df'll( Iﬁlcfl'—q + 1)
Vi€  R1C1s+GpRpA; +1
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The circuit thus exhibits a pole at -(1+G,,/RpA)/(R,C,) and a zero at -1/(R,C,). The input
offset is amplified by a factor of G,,;RpA/(1+G,,[ARpA) = G,,/G,,r if G,,ARpA,; >> 1. This gain
must remain below unity, i.e., G,r is typically chosen larger than G,,;. Unfortunately, the
high-pass corner frequency is given by

f _ (;?rLFRDfiI
' 25 (RCY)

V,
a factor of G,,/RpA, higher than that of the :_Ut
passive circuit mentioned before. This in
“active feedback” circuit therefore A;G,1 Rp
requires greater values for R, and C, to
provide a low f,. The advantage is that C,
can be realized by a MOSFET. A,G,4 Rp

1+A,G Rp ;
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Register 4| ADC |-

> The entlre negatlve-feedback Ioop converges such that Vou, is m|n|m|zed The
resulting values are then stored in the register and remain frozen during the
actual operation of the receiver.

» The principal drawback of digital storage originates from the finite resolution
~ with which the offset is cancelled. A higher resolution or multiple DACs can be

R tl e d to d Iffe re nt n o d es to a I I ev I ate th I S I SS u e g
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Direct-conversion receivers are additionally sensitive to even-order nonlinearity in the RF
path, and so are heterodyne architectures having a second zero IF.

Beat
Component
Interferers .
| =
0 . (0]
{% W4-ws
Desired :
c’t}annel LNA . Feedthrough

4 g 0]
cosW ot

> Asymmetries in the mixer or in the LO waveform allow a fraction of the RF

input of the mixer to appear at the output without frequency translation,
corrupting the downconverted signal.

» The beat generated by the LNA can be removed by ac coupling, making the
input transistor of the mixer the dominant source of even-order distortion.
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i First consider the circuit shown left. The output can be written

Vi o g,ifc o Viyyt1 as the product of V;, and an ideal LO, S(1).
R, Vout(t) = Via(t) - S(2)
1 1
: = V) [st) = 3] + Vi 5.
a(t) [S() = 5| + Via(t) - 5

Thus, V;,(t) - [S(t) — 1/2] contains the product of Vin and the odd harmonics of the LO. The
second term, V;,(t) X 1/2, denotes the RF feedthrough to the output

LO
Next, consider the circuit shown right. We have :
I":::u.fl(f) — ‘m(”ﬁ( t) oo ° Voutt
"’::ru.EZ(i) — ‘:n(f)[l i Sr(t)] R.‘
Vi Ol m L
If the output is sensed differentially, the RF : )
feedthroughs in V,(t) and V,»(t) are cancelled while 3),
o

the signal components add. It is this cancellation that is © Vout2
sensitive to asymmetries.
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If V;,(t) = Acos w,t+ Acos w,f, then the LNA output is given by
Vour(t) = a1Via(t) + azVE(1)
= ajA(coswil 4+ coswyt) + as A cos(wi + wy)t
+ azA®cos(w; —wp)t + -+ -,
(log scale) A

A P2 f-eeeeememeneeees o
04A .o
2 |
O2A :
’ -
Alp2 Ai,

(log scale)

Beat amplitude grows with the square of the amplitude of the input tones.

Chapter 4 Transceiver Architectures 52



Since the feedthrough of the beat depends on the mixer and LO asymmetries, the beat
amplitude measured in the baseband depends on the device dimensions and the layout and
is therefore difficult to formulate.

Suppose the attenuation factor experienced by the beat as it travels through the
mixer is equal to k whereas the gain seen by each tone as it is downconverted to
the baseband is equal to unity. Calculate the IP,.

Solution:

From equation above, the value of A that makes the output beat amplitude, ka,A?, equal to
the main tone amplitude, a,A, is given by
; 2 —
kapAfrpr = a1Arrp2
hence

1 aj
Arrpe = - o
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We express the signal as x;,(f) = [Apta(t)] cos[w t+P(1)], where a(t) denotes the envelope and
typically varies slowly, i.e., it is a low-pass signal.

1 + cos[2w.t + 26(1)]
2

Both of the terms a,A,a(t) and a,a?(t)/2 are low-pass signals and, like the beat component,
pass through the mixer with finite attenuation, corrupting the downconverted signal.

apxl (1) = ap[A§ + 2Aga(t) + a*(t)]

Quantify the self-corruption expressed by equation above in terms of the IP,.

Assume, that the low-pass components,a,Aja(t)+a,a?(t)=2, experience an attenuation factor
of k and the desired signal, aA,, sees a gain of unity. Also, typically a(f) is several times
smaller than A, and hence the baseband corruption can be approximated as kasA,a(f). Thus,
the signal-to-noise ratio arising from self-corruption is given by

1 .4{] / \/z
tl{-'Cl"Z x"l'.f}l{*5 rms
Arrp2

SNR =

N
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Even-order distortion demodulates the AM component of the interferer, and mixer
feedthrough allows it to appear in the baseband.

SNR C'flJLL:"A:';:;/\/E
koo At Grm s
Arrp2Asiy [ V2

A intyrms

A desired signal at -100 dBm is received along with an interferer [A;,; + a(t)]
cos[w.t + P(t)], where A, = 5 mV and a,,, =1 mV. What IP, is required to ensure
SNR 2 20 dB?

A-é nt@rms

Asi,g/\/g
= 224V

+37 dBm.

SNR

|

Arrp2
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Since the signal is centered around zero frequency, it can be substantially corrupted by
flicker noise. o

We note that if S,;= a/f, then at £, ?' — 5,{ h
fe ‘ A
Pu = / Zdf + (fw — f.)Su log scale)
fEl.'i /IGUU f S (f}
1000, o L
= aln——4 (few — f.)Su
Ifew :
= (6 9 + In In f ) chgh - (fBl-"i-" - ff)'gfh- E : X Sth
JBW : ' e
I faw  fc fow f
— (5 9 .11 In _f ) f cf‘Tz h T J"Bl-i-’ th- 1000
BW :
Pu.l ’( fc‘
P.o &~ fgw S, =14 [59+In ) :
2 % JBw Sy [> Pra ( fBw ) IBw

An 802.11g receiver exhibits a baseband flicker noise corner frequency of 200 kHz.
Determine the flicker noise penalty

We have fgy = 10 MHz, f. = 200 kHz, and hence Pnl

= 1.04
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A GSM receiver exhibits a baseband flicker noise corner frequency of 200 kHz.

Determine the flicker noise penalty.

Figure below plots the baseband spectra, implying that the noise must be integrated up to
100 kHz. Assuming a lower end equal to about 1/1000 of the bit rate, we write the total noise

as
100 kHz
N
27 Hz f
_ 100 kHz
= £ 5]
ft_ SH. Il 27 HZ

8.2fcSth.

Without flicker noise,

(log 5CH|E)‘
Sy (F)
Downconverted
GSM Channel T
: = Sth
-
100 200 few f
(kHz)

PnZ ~ ( 100 kHZ')Sm

That is, the penalty reaches P ,
Ti

P?::-Z
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100 kHz
16.4.
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A

o

90

Vre — Vo VRro—¢

Q[ o s

> Separatlon |nto quadrature phases can

be accomplished by shifting either the
RF signal or the LO waveform by 90°

> Errors in the 90° phase shift circuit
and mismatches between the

quadrature mixers result in imbalances

in the amplitudes and phases of the

baseband | and Q outputs.
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-——-®—>- LPF = | —-®—> LPF =1

LPF = Q

Phase and Gain Error

A

-

LPF

— |

Phase and
Gain Error

Phase and
Gain Error

LPF

o

Phase and Gain Error
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LNA | f

5 GHz i cos® ot}

E sinmLDti E :

i i ; : | Xgarq{f}
i...-_-...--._..-g LO;, 1 GHz

> Quadrature mismatches tend to be larger in direct-conversion receivers than in
| heterodyne topologies.

> This occurs because

(1) the propagation of a higher frequency (f;,) through quadrature mixers
experiences greater mismatches;

| (2) the quadrature phases of the LO itself suffer from greater mismatches at
... higher frequencies;
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Let us lump all of the gain and phase mismatches shown below:

—*@—» LPF xgg,(t)

Xin () o——3 90 |—o X0 (¢)
zroilt) = 2 (1 + %) COS (mct =E g)
rpoQ(t) = 2 (1 —~ %) sin (%{ — g) q_ _-—®_" gl Xesa(f)
rppIlt) = a (1 + %) cos% —h (1 + %) sing
rpolt) = —a (1 — %) sing + b (1 — %) cnsg
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We now examine the results for two special cases:

(1) € # 0, 6 = 0 : the quadrature baseband symbols are scaled differently in amplitude,

(2) €e=0, 8 # 0 : each baseband output is corrupted by a fraction of the data symbols in the

other output

/ r’r_ I_l_ goec: _
= g Y J
Q 1T 5 e _
i
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o

Ideal
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An FSK signal is applied to a direct-conversion receiver. Plot the baseband
waveforms and determine the effect of I/Q mismatch.

We express the FSK signal as xgs«(f) = Ay cos[(w. + aw,)f], where a= + 1 represents the
binary information; i.e., the frequency of the carrier swings by +w, or -w,. Upon
multiplication by the quadrature phases of the LO, the signal produces the following

baseband components:
P rpp.J(t) = —Ajcosaw;t

rpp.o(t) = +A;sinawt.

Xpsk () Ot ®1 =01 et (4 =01
Figure on the right illustrates
the results: if the carrier
frequency is equal to w, + w;,
(i.e., a = +1), then the rising
edges of xgg (t) coincide with
the positive peaks of xgg o?).
Conversely, if the carrier

_ Xgg,q (1) ' : _ ‘
frequency is equal to w, - wy, m m \ /m /
then the rising edges of

xgg (1) coincide with the / w s w
negative peaks of xgg off). xgs, (¢) : '
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An FSK signal is applied to a direct-conversion receiver. Plot the baseband
waveforms and determine the effect of I/Q mismatch.

— LPF

LNA

Thus, the binary information is
detected if xgg (t) simply samples
Xgg q(f), e.9., by means of a D flipflop.

The waveforms above suggest that FSK can tolerate large I/Q mismatches: amplitude
mismatch proves benign so long as the smaller output does not suffer from degraded SNR,
and phase mismatch is tolerable so long as xgg (f) samples the correct polarity of xgg o(t). Of
course, as the phase mismatch approaches 90 _, the additive noise in the receive chain

introduces errors. xamm/?\\ /7\\ l\ m / )
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For complex signal waveforms such as OFDM with QAM, the maximum tolerable 1/Q

mismatch can be obtained by simulations

> The bit error rate is plotted for different 10
- combinations of gain and phase |
mismatches, providing the maximum
mismatch values that affect the
: performance negligibly.
» For example, in a system employing m 10
~ OFDM with 128 subchannels and
QPSK modulation in each subchannel
shown on right, we observe that 10
gain/phase mismatches below -0.6
dB/6° have negligible effect.
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In many high performance systems, the quadrature phase and gain must be calibrated—

either at power-up or continuously.

Calibration at power-up can be —-—®—-— LPF
performed by applying an RF tone i

at the input of the quadrature LA

. . cos( ot
mixers and observing the >—< Lo
baseband sinusoids in the analog sinw ot

or digital domain

Vi

Phase
Mismatch

,V\}'_>_'—-é—> LPF .
+®+E

Amplitude
Mismatch -------2

W LNA
With the mismatches known, the >_‘ li? - cos() of

received signal constellation is
corrected before detection.
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o = sinW ot

LPF

4[>_
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Before studying these architectures, we must define a “shift-by-90 ° ” operation.

2

Acos(w.t —90°) = A

= ——je
27 2
= Asinw,t.
Im‘
WA

Re

2

and that at —w_ counterclockwise

- A
J"2
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Similarly, for a narrowband modulated signal:

E1+"j[u)c£.+rf;[£}—9[]°] _I_C—,j[..ucm-.f;}[s]—gﬂﬂ]
' O 2 }

A(t) cosfw.t + o(t) —90°] = A(t) >

JC-FJ[wci—I-U +je” Jwet+o(t)]
A(t) >

1) sinfw.t + &(1)].

Xogge(w) = X(w)[—7sgn(w)]

» The shift-by-90 ° operation is also

Chapter 4 Transceiver Architectures 67

Re > Wewrite n the frequency domain:

called the “Hilbert transform”.



In phasor diagrams, we simply multiply a phasor by -j to rotate it by 90°
clockwise. Is that inconsistent with the Hilbert transform?

No, it is not. A phasor is a representation of Aexp(jw_l), i.e., only the positive frequency
content. That is, we implicitly assume that if Aexp(jw.f) is multiplied by -j, then Aexp(-jw_ t) is
also multiplied by +j.

Plot the spectrum of Acos w,t + jA sinw/Lt.

Multiplication of the spectrum of Asinw_t by j rotates both impulses by 90 °
counterclockwise. Upon adding this spectrum to that Acos w_.t, we obtain the one-sided
spectrum shown below (right). This is, of course, to be expected because Acos w_t + jA
sinw.t = Aexp(-jw.t), whose Fourier transform is a single impulse located at w = +w,.

A Im A Im A
+j —

2

5

il -We Re Re
2
+AE +A
+¢ * (e
w ()]
_jA
2
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A narrowband signal I(t) with a real spectrum is shifted by 90 ° to produce Q(%).
Plot the spectrum of I(t) + jQ(t).

We first multiply /(w) by -jsgn(w) and then, in a manner similar to the previous example,
multiply the result by j. The spectrum of jQ(f) therefore cancels that of /(f) at negative

frequencies and enhances it at positive frequencies. The one-sided spectrum of /(t) + jQ(t)
proves _useful in the 1) Im 4 S Im A
analysis of

transceivers.

+(e

-j 1 {m)
(a) (b)
im A

Re
I {w)*jQ(m)

*+(e
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The high-pass and low-pass transfer functions are respectively given by:

qui 1 [{l (-"13
o 1C1s + We can therefore consider V,, as the Hilbert
Vout2 1 transform of V, ., at frequencies close to (R,C,)""

HLerl®) = = Ros 1
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> The RF input is mixed with the quadrature phases of the LO so as to translate
-~ the spectrum to a non-zero IF.

» The IF spectrum emerging from the lower arm is the Hilbert transform of that
___from the upper arm.



The realization above assumes high-side injection for the LO. Repeat the analysis
for low-side injection.

Figures below show the spectra for mixing with cos w, ot and sin w,t, respectively. In this
case, the IF component in the lower arm is the negative of the Hilbert transform of that in the
upper arm.

k

1
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Im A
Signal E-..__________ Lsig

Componen

Im A
—-—®—> fsig * lim
Re L cos mLD t

r SII"II'_I)Lnf
*+im

+mc = —-'®—> asig + aim

Image il

Components

> Is I(t) + Q(t) free from the image? Since the image components in Q(f) are 90°
’ out of phase with respect to those in I(t), this summation still contains the

image.



If we shift I(t) or Q(t) by another 90 ° before adding them, the image may be removed.

AN

Yo, t0, O

> The low-pass filters are inserted to remove the unwanted high-frequency
| components generated by the mixers
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We assume low-side injection and apply a 90° phase shift to the Hilbert transforms of the
signal and the image (the Q arm)

Im A Im A

Re

+WIF

V

> Multiplication of Q;, by -jsgn(w) rotates and superimposes the spectrum of
’ Q,jy on that of /;;,, doubling the signal amplitude. On the other hand,
multiplication of Q;,, by —jsgn(w) creates the opposite of /,,,, canceling the
_image.
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An eager student constructs the Hartley architecture but with high-side injection.
Explain what happens.

We note that the quadrature converter takes the Hilbert transform of the signal and the
negative Hilbert transform of the image. Thus, with another 90° phase shift, the outputs C
and A in figure above contain the signal with opposite polarities and the image with the
same polarity. The circuit therefore operates as a “signal-reject” receiver! Of course, the
design is salvaged if the addition is replaced with subtraction.

Represent the received signal and image as x(t) = Agy cos(w,t + @gy) + A;p, COS(Wjpt + D),
obtaining the signal at point A and B:

Ag; , A;, _
ra(t) = 5;; cos|(we — wro )t + Psig] + Tﬂ cos|(wim — wro )t + Pim]
A $ia , A L. [
zp(t) = — > 2 sin[(w, — wro )t + dsiy] — 5 sin[(win, — wro )t + dim],
It follows that:
A, | A;, |
lt(f) = ;j CDS[(L‘;C - L‘-’”Lﬁ})t —+ O&I{;] — éi‘i COS[[':-‘-}Em — UJLO)t + @-Em]-

Upon addition of x,(t) and x(t), we retain the %ignal and reject the image.
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The 90 ° phase shift depicted before is typically realized as a +45 ° shift in one path and

-45 ° shift in the other.
W I

f

sinW ot
RF o CB > IF
Input cosm ot . 7 Output

* R1
—X I

Cq

> Thisis because it is difficult to shift a single signal by 90 ° while circuit

components vary with process and temperature.
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> The principal drawback of the Hartley architecture stems from its senS|t|V|ty to
~_mismatches

We lump the mlsmatches of the receiver as a smgle amplltude error, &, and phase error, AO

2alt) = A;“” (1+€) cos[(we—wro )+ dsig+A0)+- 2 (14¢) cos|(wim —wro )t + Gin +A0]
2o At] = A;” (1 + €) cos[(w. — wro )t + dsiy + AI]
+ 15” cos[(we — wro )t + dsig)
Foalt) = -ig” (1 + ¢) cos[(wim — wro)t + dim + Al
= _12_ cos|(wim — wro)t + dim]-

We divide the image-to-signal ratio at the input by the same ratio at the output, the result is
called the “image rejection ratio” (IRR).

Fim B A2 (1+€)?—2(1+¢€)cosAd + 1

i

)

Psi_ql"’“f AL (14+6)24+2(14+¢€)cosAd + 1
(
(1

stg
I-I—f) 2(1 + ¢)cos A0 + 1
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If £ << 1 rad, simplify the expression for IRR.

Solution:

Since cos A0 =1 — AB?/2 for A6 <<1 rad, we can reduce equation above to

A4 et €€ — (14 €)Ab”
€€+ (14 €)AH?

In the numerator, the first term dominates and in the denominator € << 1, yielding

4
€t + AG?

For example, € =10% (= 0.83 dB) limits the IRR to 26 dB. Similarly, A8 =10 ° yields an IRR
of 21 dB. While such mismatch values may be tolerable in direct-conversion receivers, they
prove inadequate here.

IRR ~
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> Another critical drawback originates from the variation of the absolute values
__ofRjand C,.

._.gpecmca"y, TR, andc1arenom|na||ychosenH”p;_
for a certain IF, (R,C,)"' = wj, but respectively | Hipp' (f1 +AR)(C1 + AC )wrr
experience a small change of AR and AC with J AR AC

process or temperature, then: 1+ + )
R, C'

&

_an ac

> Another drawback resulting from the RC-CR sections manifests itself ifthe
___signal translated to the IF has a wide bandwidth.

“The image rejection may degrade substantially near the edges of the channel

Thus, the gain mismatch is equal to: ¢

Wi

—-—?—» LPF || 90°|— _,..®_,f IRR = (m)z

c
RF sinmoqt S s :I'he !lmltatlon expressed above
Input ~ 1 oSO s t implies that w, cannot be zero,

n SN ¢ dictating a heterodyne approach, one

'
—-—®—> LPF |
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> The RC-CR sections used above also introduce attenuation and noise.

> The voltage adder at the output of the Hartley architecture also poses

_difficulties as its noise and nonlinearity appear in the signal path.

VDD

RDE QRD

! o Vout® I

""'Tlli W ::‘ F‘?Ms 4:"_':2

v ¢ 9 9

The summation is typically realized by differential pairs, which convert the signal voltages
to currents, sum the currents, and convert the result to a voltage.
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The Weaver receiver, derived from its transmitter counterpart, avoids those issues in Hartley

architecture.
--»®—>‘ LPF —-®—>‘ LPF
1 A 1 C E

sinm4t sinmat +
RF oy IF

Input cosm4t cosmyf Output
* B * D F
+®—,‘ LPF —+-®—>‘ LPF

> Mixing a signal with quadrature phases of an LO takes the Hilbert transform.
Depicted above, the Weaver architecture replaces the 90° phase shift network
__Wwith quadrature mixing.
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We perform the second quadrature mixing operation, arriving at

ze(t) 12” cos[(we — w1 — w2 )t + dsiy] + % 0S[(Wim — w1 — w2)t + B ]
+ ‘4;*1"’ Cos[(we — wi 4+ w2)t + dsiy] + 14 COS[(Wim — w1 + w2)t + Pim)

zp(t) = — Af‘g Cos[(w: — w1 — wp )t + iy — % COS[(wip — w1 — w2 )l + G
+ A:" COS|(we — w1 + w2 )t 4 dgig] + % cos|(wim — w1 + w2 )t + dim ).

Let us assume low-side injection for both mixing stages.

'I | | <C
-
U [ﬂz 011 - e ﬂ)

rp(t) — ap(t) = ;*f’ cos[(we — w; — w2t + ¢si]
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Perform the above analysis graphically. Assume low-side injection for both
mixing stages.

Recall that low-side injection mixing with a sine multiplies the spectrum by +(j/2)sgn(w).
Subtraction of X () from X(f) thus yields the signal and removes the image.
Xe (w)

84
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The Weaver architecture must deal with a secondary image if the second IF is not zero.
Secondary Desired

Image
aE B /V\‘/ Channel

Input |

m
Ta
R =l
=i

Second
IF | -
' 0

0 E
> This effect arises if a component at 2w, - w;, + 2w, accompanies the RF signal.
Downconversion to the first IF translates this to image of the signal with
respect to w,, and mixing with w, brings it to the same IF at which the signal
appears.



For above reason, the second downconversion preferably produces a zero IF, in which case
it must perform quadrature separation as well.

RF
Input cosmqt

——-®—> LPF
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We noted that it is undesirable to place the image within the signal band because the image
thermal noise of the antenna, the LNA, and the input stage of the RF mixer would raise the
overall noise figure by approximately 3 dB.

Now suppose the LO frequency is placed at the edge of the desired (200-kHz) channel:

200 kHz

Adjacent
Channel

>

I LO f

the signal becomes feasible.
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Repeat the flicker noise penalty analysis for a low-IF receiver.

Assuming that high-pass filtering of dc offsets also removes the flicker noise up to roughly
20 kHz, we integrate the noise from 20 kHz to 200 kHz

200 kHz A
_Pn_l = / —(Jf Vg scaie) S'h‘f (f)
20kHz f
= fC ) ﬂsrth In10 Downconverted
GSM Channel
p— Z-Sf{_'_- &Srih .
Without flicker noise, —Sih
P2 = (200 kHz) 5, " 100 200 fow T
(kHz)
It follows that
P
il — 2.3(= 3.62dB)
PH.Z

The flicker noise penalty is therefore much lower in this case.
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The IF spectrum in a low-IF RX may extend to zero frequency, making the Hartley
archltecture |mp053|ble to malntam a hlgh IRR across the S|gnal bandW|dth

> One possmle remedy is to move the 90 phase shift in the HartIey

archltecture from the IF path to the RF path

‘fﬁl '®—*:

= : sin (ﬂzf IF
RF et ;
Input = i cosmyt Output

.
é! -—®—> LPF J

Quadrature Phases of
Image and Signal

The RC-CR network is centered at a high frequency and can maintain a reasonable IRR
across the band.
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> 'Another variant of the low-IF architecture is shown below ‘the downconverted
.~ signals are applied to channel-select filters and amplifiers as in a direct-

conversion receiver. The results are then digitized and subjected to a Hilbert
transform in the digital domain before summation.

——--®—> LPF ADC | 90°

* |
—I-—®—> LPF ADC
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C
MWy I } :
+ +
V1 + Vz
L - Vout - L

We consider two special cases:

R4 Cq )
VoMb =-it,
V, ut

V,=-iV

o~ +

ip—o1

v Vit RiCis
oul — R] C?IS —I— 1

In this case, the circuit simply computes
the vector summation of V, and V, = -jV,.

Chapter 4 Transceiver Architectures

V,.: can be viewed as a weighted sum of V, and V,

B i+ RiCysV5

™
L aut —

Rl C-:'IS -+ ].

C, rotates V, by another 90 ° so that the
result cancels the effect of V, at the output
node
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Extend the topology above if V, and -jV, are available in differential form and
construct an image-reject receiver.

Figure below (top) shows the arrangement and the resulting phasors if R, =R, =Rand C, =
C, = C. The connections to quadrature downconversion mixers are depicted in figure below

(bottom). N T A +iv,

Rz Cz _jv“ ' _________________
* Vsig * Vim
- ) T
B Vsng ~Vim
R4 R,
cos ot
VRF o—o ko Vout
sin LO t C-] C?.
+ 6 | l“'Irsig ~JVim T |
—(X) .
92
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~ respect to the quadrature inputs.
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The outputs of a quadrature downconverter contain the signal, V;, and the image,
V..., and drive the circuit above as shown in figure below. Determine the outputs,
assuming all capacitors are equal to C and all resistors equal to R.

+Vgig* Vim
—~) : ! -

i V l
? Cs
cos pf
Vg o—¢ Vout1 Vout2 Vouts Vouta

slnmmt Cq

=V,

Slg =iV
*@ Z
Vmg JVim
+jV, slg "'inm
/' @ 1"'Ilum.ll:z Vcrutﬂ / ®\
@ Vﬁut"n =eee= Ve =0
sig —ll--+'l-i'mI = Vim "' @"""V:m > i i e
Vmﬂd me \ /‘
\@)' ‘/ ®'
-jus'rg “Vim
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We Substituting w = (R,C,)' + Aw in Eq. (4.93), we have: v v
‘outl =

2+ RCAw

Hence, |L;;u”|2 - | e

2 + 2RC Aw + R2C?AW?

4
7 2 5 P, 2
~ 2|Vl (1— ZR 2 Aw )
Vust| & V2|V ( - % R2CA)
4

w

1

LVouts = LVi = tan”! (14 RCA) LVour = Vg — (T +

“Voutz!

E : vnut-ri

-----------------------------------

Vouts e

Vout1 ™,

sty :
|24 + 4RCAw + R*CALS 1+ j(1+ RCAw)

2

R2(C12 AL R2(C2AL2
2 1*’;;;;\2 (l + RCAw + ) (1 — RCAw — )

RC’Aw)
2
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The output signal and image components exhibit opposite sequences. We therefore expect
that if this polyphase filter is followed by another, then the image can be further suppressed.

4

:-7/

4

>Wemustanswertwoquest|ons
(1) how should we account for the loading of the second stage on the first?
~ (2) how are the RC values chosen in the two stages?
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If Z; = =2,=Z, then, V,,11-Vouts
experience no rotation, but the loading
may reduce their magnitudes.

+ +

T

(1—-7)V1 =V, AR R 1—79)Vi—al(l+ )W
af Jj)zl '+[n(1—_;}1f'1+ﬂ:1](;u;+“( J) 1Zn( Y
al =i +a(l+i)Vi _,
7 o 2a(1—j)R
If RCw =1, the expression reduces to 2a— 2+ ( 7 j) =40
VA

o =
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If Z=R + (jCw)'and RCw = 1, determine V, in figure below.

Solution:

We have V, s = (1/2)(1 - j)V; and V, .= (1/12)(-1 - j)V,, observing that V,,; and V,, have the
same phase relationship -j. Thus, V, is simply the vector sum of V,,; and V_,:

Va=—3V;

In comparison with single-section polyphase filter, we note that a two-section polyphase
filter produces an output whose magnitude is+/2 times smaller than that of a single-section
counterpart. We say each section attenuates the signal by a factor of v2.
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The cascade of two stages yields an image attenuation at a frequency of (R,Cy)' + Aw equal
to:

| "Em yout | 25 (R[] CJ?QAUJJE
th:m,iﬂ -~ 2 -+ ZRUC[}M

V.

im,out

A Two-Stage
PPF

Vim,in

, Single-Stage
PPF

-
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What happens if the two stages use different time constants?

Image Rejection Image Rejection Magnitude of Casade
of First Stage of Second Stage Image Rejection

1 (!-}u 1
R4 C4 R, C,

o]

-—
®

1
R4 C4 R, C, Image Rejection

\[!}1 = W2=Wy
: BW
-t 2

Casade
Image Rejection

ey

ey

1 My 1

R, C, R, C,

> The advantage of splitting the cut-off frequencies of the two stages is the wider
~ achievable bandwidth.



A method of reducing the effect of mismatches incorporates “double-quadrature”

downconversion %
coSct

—
rc sinMe

-
%]
'

Lc sin¢ t

r- cos()ct
—I-®

The overall gain and phase mismatches of this topology are given by:
AA AA REF AA LO ﬂC:'m i

r ' ! + 4
jl 1’1 RF fLLO G’ mix

tan(Ao)

tan( APz )
2
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An RF transmitter performs modulation, upconversion, and power amplification.
The GMSK waveform in GSM can be expanded as

romsik(t) = A CDS[;LJC{. + m [ rpp(t)* h(t df]
= Acosw.tcoso — Asinw,.tsin ¢
where ¢ = ?'r'a.f;rBB * h(t)dt

Thus, cos® and sin® are produced from xgg(t) by the digital baseband processor, converted
to analog form by D/A converters, and applied to the transmitter.

Each incoming pulse is mapped to the desired shape by a combination of digital and analog

techniques: ~| 1 Rom I—» pac || LpF —-(Z)—l

Baseband Fr P sinmt Modulated

Data Generator E6EE Signal
c

= /L—slarom|>| pac || veF @—1
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The above expression of a GMSK waveform can be generalized to any narrowband
modulated signal:

x(t) = A(l)cos|w.t + o(t)]
= A(t)cosw,t C{)S[é(i)] — A(t) sinw,.t Sil’l[é(f)]

We therefore define the quadrature baseband signals as

rpp.1(t) = A(l)cos[o(t)]

Matching
Network

L] \
xgg,alt) D—h-® Duplexer

This topology directly translates the baseband spectrum to the RF carrier by means of a

“gquadrature upconverter”.
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A student decides to omit the predriver and simply “scale up” the upconverter so
that it can drive the PA directly. Explain the drawback of this approach.

Solution:

In order to scale up the upconverter, the width and bias current of each transistor are scaled
up, and the resistor and inductor values are proportionally scaled down. For example, if the
upconverter is modeled as a transconductance G,, and an output resistance R, then R,
can be reduced to yield adequate bandwidth with the input capacitance of the PA, and G,
can be enlarged to maintain a constant G,,R, (i-e., constant voltage swings). In practice, the
upconverter employs a resonant LC load, but the same principles still apply.

The scaling of the transistors raises the capacitances seen at the baseband and LO ports of
the mixers in figure above. The principal issue here is that the LO now sees a large load
capacitance, requiring its own buffers. Also, the two mixers consume a higher power.

PA

104
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The I/Q mismatch in direct-conversion receivers results in “cross-talk” between the
quadrature baseband outputs or, equivalently, distortion in the constellation.

x(t) = ai(A.+ AA,)cos(w.t + Af) + azA. sinw.t
= a1(A.+ AA ) cos Ad cosw.t + [azA. — ai( A, + AA.) sin Af] sin w.1.

For the four points in the constellation:

P = + ( Al ) COSAlY, 3, =1 — (1 4 &) sin A¢

A.
_. AA.
# = + ( ) cosAY, 3 = —1 — (1 - 1 ) sin Ad
_ ﬁ L _. AALN
B = — (1 +- ra )COSAG., By =1+ (1 + 1 )SIHAG
: AA,
B = — (1 + ﬁl ) cosAf, 3 = —1+ (1 + ) ) sin Af.
Ag /
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Another approach to quantifying the I/Q mismatch in a transmitter involves applying two
tones V, cosw;,fand V, sinw;,tto the I and Q inputs and examining the output spectrum.

Vour(t) = Vo(1 + &) coswint cos(w.t + AB) — Vp sinw;,t sinw,t
%
- 20 (1 +2)cosAd + 1] cos(w.t + win )l
W
— 2[] (1 + ¢)sinAf sin(w,. + w;,, )t
%
+ 2“ (14 ¢)cosAf — 1] cos(w, — win )1
Vo ; .
=~ —(1 4 ¢) sin A9 sin(w,. — w;, )t.
The power of the unwanted sideband at w, - w;, divided by that of the wanted sideband at w,
*wpisgivenby B [(1 + 2) cos Af — ]}2 (] + .-")2 sin® Af
P, [(1+4¢)cosAf + )2 sinZ A¢

{'T}

1]* +
(142)2—2(1+¢ )cos.ao“
(14+¢6)24+2(14¢c)cosAf +1°
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Let us now apply a single sinusoid to both inputs of the upconverter.

III"I:::uut:."»

Viuz(t) = Wo(l 4+ &) cosw;,t cos(w.t + Af) — Vp cosw;, t sinw,.t

Vocosw;,t(1 + =) cos Al cosw,t

— Vocoswi, t[(1+ z)sinAd + 1] sinw.!.

It can be shown that the output contains two sidebands of equal amplitudes and carries an
average power equal to:

7 s XA N\
"ouﬂ(t) — L{} [1 + (1 +& ) SIHAQ].
¢ is forced to zero as described above, then
Ve o —2V2, =sinAd

outl
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The tests entail applying a sinusoid to one baseband input while the other is set to zero.

"u=°=mmf°--®—l r®j

cos(.t cos®.ft

Vout1 t2
sin@ ot sin ot Vou

rb- Vu cnsmmtn—bé—r

Vo1 (t) = V(1 +£)cos._umz‘cos wot + AO)

L

In figure above (right): I'f;-u.EZ( t) — LE} COS wj, t sinw.1,

—— W , i
L‘:’%Ltz(ﬂ) - T [> Fozu,tl(t) oufz t) — L Ce

suggesting that the gain mismatch can be adjusted so as to drive this difference to zero.

yielding an average power of
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The analog baseband circuitry producing the quadrature signals in the transmitter exhibits
dc offsets, and so does the baseband port of each upconversion mixer.

Vou(t) = [A(t) cos ¢ + Vosi] cosw.t — [A(t) sing + Vs sinw,t

The upconverter output therefore contains a fraction of the unmodulated carrier:

Vout (1) = A(t) cos(wet + @) + Vosi cosw.t — Vosz sinw,t

Called “carrier leakage,” and quantified as:

72 2
\/"051 + Vis2

Relative Carrier Leakage =
A%(t)

> Carrier Leakage will lead to tow adverse effects: distorting the signal
~ constellation and making it difficult for power control.
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> First, it distorts the signal constellation, raising the error vector magnitude at
~ the TX output.

For a QPSK signal:
l‘i—,.u_g(f) = 01(“} -+ I’i‘)gl) CoS w.l — Ct‘g(‘o —+ 1/2)32) sin w,1

The baseband quadrature outputs suffer from dc offsets, i.e., horizontal and vertical shifts in

the constellation.
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> The second effect manifests itself if the output power of the transmitter must

be varied across a wide range by varying the amplitude of the baseband
signals.

Base
Station

f PA

) Carrier
sin@ .t

g M.

Receiver [-=— e 0

Baseband
Processor

With a short distance between the base station and the mobile, the carrier power dominates,
making it difficult to measure the actual signal power.
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RN
DAC q c 0

t
] sin@ .t
NN S
# Detector

‘DAC,'
)

> The loop consisting of the TX, the detector, and the DACs drives the leakage
~ toward zero, with the final settings of the DACs stored in the register.

Baseband
Processor

Register ADC

Is it possible to cancel the carrier leakage by means of a single DAC?

No, it is not. Previous equation implies that no choice of V5, or Vo5, can force Vg, cos w,t -
Vos2 sinw.t to zero if the other remains finite.
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> Excessive nonlinearity in the baseband port of upconversion mixers can
corrupt the signal or raise the adjacent channel power

Consider the GMSK signal and suppose the baseband I/Q inputs experience a nonlinearity
given by a,;x + a;x3. The upconverted signal assumes the form:

Vour(t) = (a1Acosé + azA’ cos® ¢) cosw.t — (a1 Asiné + azA® sin® ¢) sinw.?

3 3
— ({]'1{1 -4 10'34”13) CDS(W‘ct + O] +

asA

4

cos(w.t — 30).

> The second term also represents a GMSK signal but with athreefold
| modulation index, thereby occupying a larger bandwidth.

> For variable-envelope signals, A3(f) appears in both terms of equation above,
~ exacerbating the effect.
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> The distortion of a variable-envelope signal

is typically characterized by the
compression that it experiences.

PA
Predriver

Vee.a

Vﬂ ut

Vuut

1 -dB Compression

_'/ Point

> We must maximize the gain of the PA

ILI’I:|:Ir
Vx
Ves I I
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- and minimize the output swing of the
~ predriver and the stages preceding it.
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If the predriver and the PA exhibit third-order characteristics, compute the 1-dB
compression point of the cascade of the two.

Solution:

Assuming a nonlinearity of a,x+a;x2 for the predriver and a,x+a;x? for the PA, we write the

PA output as .. | |
y(t) = Pi(agz + fl’3$3_) + B3(a1z + a-‘3:a?3)3

= pPraaz + (fas + ;‘33&?_)1‘3 + ..

then the input 1-dB compression point is given by:

31
A14B.in = \/0.145 HH

Sraz + _;“33(1% |

In transmitters, the output power is of interest, suggesting that the compression behavior
must also be quantified at the output. : 1

A1dB.out = A1dB.in X |@151] X 17

[> A - 0.34|{1“1,.:'31|«.f|;’31{1’1|
A1dB,out —

\/.c'f31 a3 + ;‘330&? 15
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PA

®Lo )
Q —

> The PA output exhibits very large swings, which couple to various parts of the
system through the silicon substrate, package parasitics, and traces on the

printed-circuit board. Thus, it is likely that an appreciable fraction of the PA
output couples to the local oscillator.
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360°
Dout Rotation

| : Output
“ i Spectrum
=0 b bl temnnpe

g ? P 4

Wi U)mj"' 2'UJI:.!

”m\m NMA R mi,,,m.:d oy 308
WAVAVRVATRIITAV/A

> The output phase of the oscillator, ®,,,, is modulated periodically.

> In order to avoid injection pulling, the PA output frequency and the oscillator
| frequency must be made suff|C|entIy dlfferent
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WLo= 20 4 PA .
Lo | =2 //\

> Most of today’s direct-conversion transmitters avoid an oscillator frequency

~equal to the PA output frequency.
» This architecture is popular for two reasons:
(1) injection pulling is greatly reduced

(2) the divider readily provides quadrature phases of the carrier
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Is it possible to choose w,;, = wJ2 and use a frequency doubler to generate w_?

Solution:

It is possible, but the doubler typically does not provide quadrature phases, necessitating
additional quadrature generation stages. Figure below shows an example where the doubler
output is applied to a polyphase filter. The advantage of this architecture is that no
harmonic of the PA output can pull the LO. The serious disadvantage is that the doubler and
the polyphase filter suffer from a high loss, requiring the use of power-hungry buffers.

e
(ﬂLo=% b PA W :
Y O
Qe p
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3mqg O

PA . _
xps,l (t) o— Quadrature : E
‘T ia xgg.q (t)o— Upconverter ' :
g : -
oy
2

2

- rl la
t, ©
<2 ;m

> The oscillator frequency is divided by 2 and the two outputs are mixed. The
result contains components at w1 = w1/2 with equal magnitudes.
» Can both components be retained?

(1) half of the power delivered to the antenna is wasted.
(2) the power transmitted at the unwanted carrier frequency corrupts
communication in other channels or bands.
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An alternative method of suppressing the unwanted sideband incorporates “single-sideband”
(SSB)mixing.
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Suppose each mixer exhibits third-order nonlinearity If the nonlinearity is of the form
a x+a;x3,

Vour(t) = (a1Acoswit + azA® cos® wit) cos wyt

— (aiAsinw;t + a3A3 sind w; t) sinwyt
- 3a3A3 3a3A43%\ | _
= a1 A + 1 coswitcoswot — | o A + 1 sinw f sinwyi

flfgﬂs {1'3}13
1 cos 3wyt coswsyl + 1

3a3A3
(t‘,}-lA - ni ) cos(wi + w2 )t +

- sin 3wt sin wyt

az A
4

cos(3w; — ws)t.

> The output spectrum contains a spur at 3w, - w,. Similarly, with third-order

nonlinearity in the mixer ports sensing sin w,t and cos w,tf, a component at
. 3wy-w,arisesattheoutput. =~
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The overall output spectrum:

i ;

i
0 mW1-0, OF) OF 3W-q Mq+M3 3W-2 ®

V.

in2

Vinq © a‘lyc o Vout

> Between the two spurs at 3w, - w, and 3w, - w,, only one can be reduced to
acceptably low levels while the other remains only 10 dB (a factor of one-third)
. below the desired component.
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cosm1 to—o

> For useina dlrect -conversion TX

- the SSB mixer must provide the
quadrature phases of the carrier.
This is accomplished by noting
that sin w,f cos w,t + cos w,t sin ;
w,t = sin(w, + w,)tand dupllcatlng
the SSB mixer as shown rlght

cos(wq+my)t

Sin(@1+m7) t
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> Since the carrier and LO frequencies are sufficiently different, this architecture
| remains free from injection pulling.
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A student replaces the = 2 circuit in figure above with a = 4 topology. Analyze
the unwanted components in the carrier.

Solution:

Upon mixing w; and w,/4, the SSB mixer generates 5w,/4 and, due to mismatches, 3w;,/4. In
the previous case, these values were given by 3w,/2 and w,/2, respectively. Thus, filtering
the unwanted sideband is more difficult in this case because it is closer to the wanted
sideband.

As for the effect of harmonics, the output contains spurs at 3w,-w, and 3w,- w,, which are
respectively equal to 11w,/4 and w,/4 if w, = w,/4. The spur at 11w,/4 remains slightly higher
than its counterpart in the previous case (5w,/2), while that at w,/4 is substantially lower and
can be filtered more easily. Figure below summarizes the output components.

5] [

31 504 114

4 4 4 4
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Perform the signal upconversion in two steps so that the LO frequency remains far from the
PA output spectrum

| —

sinmqt . ‘
e I @-LH>-A
Q ;:-' cnsmzt

m M

W1 o W=z : m1+(ﬂz

. (ﬂ 2.

> As with the receiver counterpart one advantage of this architecture is that the

~ I/Q upconversion occurs at a significantly lower frequency than the carrier,
exhlbltlng smaller gain and phase mlsmatches
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In analogy with the sliding-IF receiver architecture, we eliminate the first oscillator in the
above TX and derive the required phases from the second oscillator

> We call the LO waveforms at w,/2 and w, the first and second LOs,
~ respectively.
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Output

ey

RF
Output

i
(OF 01 3M1 Q)

2 2

> The dc offsets in the baseband yield a component at w,/2 at the output of the
' quadrature upconverter, and the dc offset at the input of the RF mixer
produces another component at w;,

» The former can be minimized as described before. The latter, and the lower
| sideband at w,/2, must be removed by filtering
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>ThespursarlsefromtwomechanlsmstheharmonlcsoftheflrstLOandthe

harmonics of the second LO.

output . h h ‘ ‘ )

_5(1]'1 3(1]1 3[01 5[[)1
2 2 2 2

g
2
(a}

— m A .

ey

34 Mg 0 4 3m4 5m1 ?m_l
The quadrature upconverter =l +? + -

mixes the baseband signals

with the third and fifth
harmonics of the first LO h
‘l I

ey
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> The second mechanism relates to the harmonics of the second LO. That is, the |
spectrum shown in figure above is mixed with not only w, but 3w,, 5w,, etc.

ey

I -
()]
> Upon mixing with +3w,, the IF sideband at -3w,/2 is translated to +3w,2,

~ thereby corrupting the wanted sideband
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Two quadrature upconverters
provide the quadrature
components of the IF signal:

XBB,| (t)=A(t)cosd o—o—m

rrrg(t) A(t)cost) cos — — A(t)sinf sin —

tl
riro(t) A(t) cos ) sin i + A(t)sinf cos —

xppalt)=A(t)sinf o

u.f‘lf u..r‘lf

2 2

A(t) cos (w—lt - 9)

2

wrl

2 2

AlEjsin (ﬂ + 0) |

2

RF SSB Mixer
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E'-;.'"'"'-.“On-off keying” (OOK) modulation is a special case of ASK where the carrier
5 amplitude is switched between zero and maximum.

-, EWW ,
_ FLI_LJ 1.2

> When LO is dlrectly turned on and off by the blnary baseband data (flgure
above left), If the LO swings are large enough, the PA also experiences
relatively complete switching and delivers an OOK waveform to the antenna.
figure above (right) can avoid the issue that LO cannot be easily controlled by

_aPLL.
Envelope
Il " 1“"" Detectur

>An LNA followed by an envelope detector can recover the blnary data
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