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The Approximate Zero IF Receiver
Architecture

4.1 Introduction

One of the primary goals of this work is to reduce the power consumption
of an FM-UWB transceiver. In duty cycled wireless sensor networks the
bottleneck is typically the receiver. This is because transmitters only need
to be turned on when there is a need to transmit data. As a result their power
consumption will only be a small fraction of the overall power consumed by
the network. Receivers, on the other hand, need to capture the transmitted
data and must therefore be turned on periodically to check whether data is
being transmitted. This is why the power consumption of the network will
almost entirely be determined by the receiver power consumption. Lowering
the duty cycle ratio, or equivalently, increasing the duration of the period
between the two on states of the receiver, can be used to bring down network
power consumption, but it will also increase latency.

In body area networks, such as [10], where sensors need to provide pres-
sure information from the prosthetic limb to the patient, latency constraints
are imposed by the physiological characteristics of the human body. In order
to provide a natural sense of touch, the delay from sensors to actuators must
not be larger than the time it takes for neurons to convey information from
the fingers to the brain. Once the maximum delay limit is reached the only
way to reduce network power consumption is to reduce the consumption of
the FM-UWRB receiver.

Another property that could be of use in the receiver is the capability to
handle multiple FM-UWB signals at the same time. This requirement comes
from the fact that potentially a large number of sensor nodes may be located
close to each other. Providing the multi-user capability would then allow
to parallelize data transfer and decrease network delay. Normally, receivers
with such capability need good linearity and dynamic range, which again
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68 The Approximate Zero IF Receiver Architecture

come at the price of power consumption. If the distance between nodes is
not large, and WBAN is a typical example of such an application, sensitivity
is not a limiting factor, and can be sacrificed for the benefit of multi-user
communication and energy efficiency.

This chapter describes the proposed architecture, intended to further
reduce the power consumption of an FM-UWB receiver. Two variations
of the architecture are explored, one that aims to provide the multi-user
communication capability, and another that attempts to aggressively lower
the power consumption, while essentially neglecting all other aspects.

4.2 The Uncertain IF Architecture

It is a common observation that in any type of circuits there is a correlation
between the frequency of operation and power consumption. The simplest
example is the CMOS logic gate, where it can be shown that the dynamic
power consumption is proportional to the frequency of operation Py, o
fCV?2, Similar conclusion holds for other types of circuits, for example,
amplifiers typically need more power to achieve the same gain at higher
frequencies (or to provide larger bandwidth). As a consequence, the most
power-hungry blocks in the receivers are the ones that operate at RF. These
are usually the Low Noise Amplifier (LNA), needed to provide a good noise
figure, and the frequency synthesizer, where the dominant consumers are the
voltage controlled oscillator and frequency dividers. A typical example could
be the Bluetooth receiver presented in [1], where the LNA consumes around
25% of the overall power, and 53% of the power is used for the PLL, including
the DCO.

Due to the large bandwidth of the FM-UWB signal, precise frequency
synthesizers can be completely removed. Gain at high frequencies, however,
remains a bottleneck. Consider the FM-UWB receiver from [2], where the
LNA consumes 1.6 mW, or 73% of the overall power consumption. A similar
case is found in [3], where the LNA consumes 55% of the entire receiver
consumption. The preamplifier and the demodulator in the FM-UWB receiver
from [4], both operating at RF, consume around 3 mA and 6 mA, respectively.
Removing the LNA from the design, or loosening the specifications on RF
gain and noise figure, could lead to significant power savings.

The opportunity to decrease power consumption by moving the gain
stages from RF to IF was first recognized by Pletcher [5], who demonstrated
this approach through the implementation of the “Uncertain IF” receiver. In
this design the LNA is merged with the mixer into a single current reuse
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Figure 4.1 Principle of operation of the uncertain IF receiver.

block, the active mixer. Combined with the external bulk acoustic wave
(BAW) resonator, it provides the input matching, and converts the RF signal
to IF, where the gain stages are located. The lack of voltage gain at RF
simplifies the design and allows for low dc current of the active mixer.
Although the power hungry LNA is eliminated from the design, the LO signal
must now be generated in order to perform the downconversion. For the
proposed design from [5] to be truly power efficient, the LO generator must
consume sufficiently low power. A simple three-stage, CMOS ring oscillator
used in this design consumes very little power and provides a rail to rail
output signal, but this comes at a price. Ring oscillators are generally sensitive
to changes in supply voltage and temperature, phase noise is relatively high
compared to LC oscillators, and finally the output frequency is rather unstable
and tends to drift with time. This is the key point of the architecture from [5].
Instead of using a PLL to stabilize the oscillator frequency, the IF amplifier
bandwidth is increased to allow for LO frequency offset. Hence the name
“uncertain IF” receiver is used. The described principle is illustrated in
Figure 4.1. The designed oscillator generates the LO signal that remains
within the £100 MHz range from the center frequency. To account for this
offset, the IF amplifier is designed with a bandwidth of 100 MHz, assuring
that the downconverted signal falls inside the desired band. Using 100 MHz
amplifiers to amplify a signal with 10 kHz bandwidth is a necessary overhead,
but still results in less power consumed than if a PLL were used to generate
the LO signal. The oscillator, however, does need to be calibrated periodically
to compensate for the drift due to temperature or supply voltage variation, and
maintain the LO frequency within the defined limits. Owing to the fact that
these changes are slow, the calibration will only be done once in a few hours,
resulting in a negligible overhead in terms of power consunmption. The final
stage of the receiver is the envelope detector that demodulates the transmitted
OOK (on-off keying) signal. It should still be noted that a relatively good
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noise performance in this case was achieved using a narrowband BAW filter
that is precisely tuned to the frequency of the transmited signal. Finally,
the receiver from [5] reached a power consumption of only 50 uW, for an
input signal at 2 GHz, and is still among the lowest consuming narrowband
receivers in the literature today.

The same principle can be applied to the FM-UWB signal. Instead of
implementing the wideband amplifiers at RF, the input signal is directly
downconverted to zero center frequency using an active mixer (LNA and
mixer stack), allowing amplification and processing to be done at low fre-
quencies. Since the LO signal is generated using an imprecise ring oscillator,
a certain frequency offset will always be present between the LO signal and
the center frequency of the input signal. Hence, the proposed receiver is
referred to as the “Approximate Zero IF” receiver. The aforementioned offset
should be relatively small compared to the 500 MHz wide input signal, and
so the necessary overhead, i.e. larger bandwidth of the IF amplifiers and the
demodulator, will be relatively small. Moving the main gain stages from RF
to IF results in higher noise figure (NF) of the receiver chain. Since only a
limited amount of gain is available at high frequencies, noise of the IF stages
will contribute more significantly to the overall noise figure. At the same
time, the power consumed by the IF amplifiers can now be greatly reduced
since they operate at low frequencies instead of RF, and the same overall gain
comes at a lower price.

4.3 The Approximate Zero IF Receiver with Quadrature
Downconversion

The first proposed receiver architecture is based on a delay line demodulator
described in the previous chapter. This demodulator has already been used in
some receiver implementations [4, 6]. In its original form it operates directly
at RF, and the delay needs to be tuned precisely to the signal center frequency.
The demodulator can be moved from RF to baseband, without changing its
functionality, if two signal branches are used with a 90° phase shift between
them [7]. The two signals can easily be generated by using quadrature LO
signals for downconversion.

The proposed receiver architecture is shown in Figure 4.2. Some of the
blocks that will be present in the actual implementation are omitted for clarity,
and to emphasize functionality. The input signal is directly converted to zero
frequency by the mixer. Since a ring oscillator will be used to generate
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Figure 4.2 Block diagram of approximate zero IF receiver with IQ downconversion.

the LO signal, some frequency offset will always be present, meaning that
the downconverted signal will never be precisely centered at zero, and the
architecture is therefore named the “Approximate Zero IF” architecture.
The downconverted signal will then be amplified by the IF amplifiers. In
Figure 4.2 only filters are shown to emphasize limited bandwidth of the
IF path. In this work a 500 MHz wide FM-UWB signal is used. After
downconversion, the signal would ideally occupy frequencies from zero to
250 MHz. Accounting for a frequency offset of +50 MHz, 300 MHz should
be sufficient for the bandwidth of the IF path. The case remains the same with
the demodulator bandwidth. It needs to be larger in order to accommodate the
input signal with a frequency offset.

The principle of operation of the demodulator can be described through
the following mathematical model. The simple calculation presented here
follows the approach from [8], extending it to account for the LO frequency
offset. The aim of the calculation is to explain the principle of operation
and provide insights into the main trade-offs when choosing the delay of the
demodulator, which is the main design parameter in this case and determines
the bandwidth of the demodulator. The FM-UWB signal at the input of the
receiver can be represented as:

s(t) = Acos(wet + ¢(t)), 4.1

where w, = 27 f. is the carrier center frequency of the signal and ¢(t) is the
time varying phase, which is the integral of the sub-carrier wave (usually a
periodic triangular or sine signal):

t

o(t) = Aw/ m(t)dt. (4.2)

— 00
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The sub-carrier wave m(t) is normalized to the interval [—1,1], and Aw is
the frequency deviation corresponding to half of the FM-UWB signal band-
width Aw = 27Af = wBywp. The signal is first converted to baseband,
such that the signals in the in-phase and quadrature branches are given by

si(t) = Acos(wet + ¢(t)) cos(wosct) 4.3)
sq(t) = Acos(wet + ¢(t)) sin(wosct) (4.4)

where the conversion gain of the mixer is assumed to be unity for simplicity.
Note that since the carrier frequency w. does not correspond ideally to the
locally generated frequency w,s., there will be a residual term after mixing
that is equal to the difference of the two frequencies. The two filtered,
downconverted components at the demodulator input are:

A

sigp(t) = 5 cos(worst + (1)) (4.5)
A

sqip(t) = =5 sin(worst + ¢(t)) (4.6)

where worr = 27 forf = We — Wosc 18 the frequency offset of the LO signal.
The two quadrature signals are then multiplied with the delayed copy of each
other in the process of demodulation. The signals at the output of the two
demodulator mixers are:
AQ
Sidem(t) = — T cos(worf(t — 1) + ¢(t — 7)) sin(worst + @(t)) (4.7)
2
Sq.dem(t) = — AZ cos(worft + @(t)) sin(werf(t —7) + @(t —7)). (4.8)

Finally, the difference of s; gey, (t) and sq gem (t) results in the following
signal:
A2

Sdem (t) = e sin(wor s + @(t) — ¢t — 7)). 4.9)

Following the same approach as in [8], assuming the time interval 7 is
small enough that ¢(¢) does not change too significantly, Equation (4.9) can
then be approximated by

A? do(t
Sdem (t) =~ e sin(wo T + 7 (Zi )) (4.10)
A2
= — sin(wof 7 + TAwmM(1)), (4.11)

4



4.3 The Approximate Zero IF Receiver with Quadrature Downconversion 73

Approximate Zero-IF

downconversion
IF. — Buws

/ \
/ \
/ \
\
! LYY
13

+—
Carrier Mismatch fog fe f

t __» Instantaneous frequency vs. time

~ f

e T

Sforr f U Ut " fe 2 3fx f

Boey it, A

[>u] 4 N ’
AWASREE

forr t | fw 2w 3fc f
Demodulator FM-AM Time domain Sub-carrier
conversion characteristic sub-carrier signal signal spectrum

Figure 4.3 Principle of operation of approximate zero IF receiver with IQ downconversion.

which in fact corresponds to the demodulated signal. The last equation reveals
the sinusoidal FM-AM characteristic of the demodulator, showing that it, in
fact, acts as a baseband equivalent of the RF delay line demodulator. The
illustration of the demodulation principle and the equivalent demodulator
characteristic are given in Figure 4.3. The shape of the output demodulated
signal is shown for two different values of the delay, assuming that a certain
frequency offset is present in the LO signal. The amplitude and the shape of
the demodulated signal depend on the demodulator delay 7 and the frequency
offset f,s, as illustrated in Figure 4.3. The demodulator bandwidth can be
defined as the monotonic part of the characteristic, i.e. 7 X Bpgy = 7/2.
Increasing the delay results in decreased demodulator bandwidth, which
increases the amplitude, but also distorts the output signal. Note that unlike
with the RF delay line demodulator, the delay 7 is no longer related to
the input signal center frequency. Ideally, in the case of the RF delay line
demodulator, 7 should be equal to the integer multiple of the quarter period
of the center frequency N7 /4. Any deviation of 7 results in mismatch
between the demodulator center frequency and the signal center frequency.
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The end effect is equivalent to the LO frequency offset in the approximate
zero IF receiver.

The conversion gain is defined as the ratio of the fundamental ampli-
tude of the demodulated signal and the amplitude of the signal at the
demodulator input:

Ag _ C1A%/4 A
A2 A2 2

The coefficient C corresponds to the fundamental component of the
demodulated signal normalized to A?/4 and accounts for the non-linear
characteristic of the demodulator. This coefficient will depend on 7 and
for- Assuming a triangular sub-carrier wave, C and C (normalized second
harmonic amplitude) are calculated and plotted in Figure 4.4 as functions
of the frequency offset, for several different values of the delay 7. These
graphs show the trade-off between the distortion and the conversion gain
mentioned above. Choosing larger 7, such that the demodulator bandwidth
is smaller than the signal bandwidth, for example Bg.,, = 200 MHz, will
indeed result in a higher gain, but will also make it more sensitive to the
carrier offset. For the value of 7 selected to provide 500 MHz bandwidth, the
conversion gain is practically half of that obtained for Bpgys = 200 MHz,
but remains almost constant even for a very high carrier offset. The con-
version gain remains the same for both noise and signal at the input, and
in that sense doesn’t affect the SNR. However, in a practical realization
the demodulator itself will generate noise, and with this noise taken into
account higher conversion gain will yield a higher output SNR. It should
also be noted that a high demodulator bandwidth (together with IF band-
width Bjg) also results in a higher noise bandwidth, which combined with
lower gain inevitably leads to a degradation of sensitivity. Looking at the
second harmonic, the increase of distortion that comes with the decrease
of bandwidth becomes evident. In the ideal case, with no carrier offset,
the second harmonic will be zero. However, for the proposed receiver
architecture this will never be the case and the amplitude of the second
harmonic will depend on offset and demodulator delay. Finally as a com-
promise between the gain, sensitivity to frequency offset and distortion, a
bandwidth of 300 MHz can be chosen for the demodulator implementation
and the same value should be used for the bandwidth of the preceding IF
amplifiers.

The proposed demodulator can be used to simultaneously demodulate two
or more FM-UWRB signals. If an additional FM-UWB signal, occupying the

Geonv = Ch. 4.12)
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Figure 4.4 Normalized fundamental C; and second harmonic amplitude C at the output
of the demodulator vs. the offset frequency. First harmonic is proportional to conversion gain.
Four curves are plotted for four different values of the demodulator bandwidth (or equivalently
different values of the delay 7).

same RF bandwidth but using a different sub-carrier frequency, is present at

the input of the receiver, the signals in the I and Q branches are given by

A A
Silp = 71 cos(wof T + ¢1(t)) + 72 cos(wof T + ¢2(t))

A . Ay
Sqlp = _71 sin(woy T + ¢1(t)) — 72 sin(wos 7 4 Ga2(t)).

(4.13)

(4.14)
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Following the same steps as in the above calculation the demodulated
signal can then be derived as

A3 doi(t), A3 . dpo(t)
Sdem = N sin(wo st + 7 o )+ 1 sin(wo st + 7 p )+ W (t).
(4.15)

Aside from the first two terms, which represent the two demodulated
signals, an additional term, W (¢) appears. This term corresponds to the
intermodulation product of the two FM-UWB signals. The effect is the same
as for the case of the RF delay line demodulator, where the additional term
corrupts the two useful signals and limits the achievable BER. Fortunately, as
will be shown, this term will be spread across a large frequency, allowing to
filter out most of it in the baseband. The W (t) term is given by

AlA

W () = == sin(wors7 + d1(t) — ba(t — 7))
A14A2 sin(worfm + ¢2(t) — P1(t —7)). (4.16)

Using the same approximation as in the single-user case, assuming 7 is
very small W (¢) can be rewritten as

W(t) = A4, sin <woff7' + ;d(i}t(t) + ;d¢;t(t)> sin (¢1(t) + ¢a(t))
4.17)
= A12A2 sin <w0ff7 + TAw (my(t) + m2(t))>
¢
X sin (Aw/ (my(t) — mg(t))dt> (4.18)
= 2. (4.19)

The intermodulation product W (¢) consists of two factors. The first one,
proportional to the sum of the two sub-carrier signals, is the slow-varying
envelope. Clearly the shape of the envelope will depend on the demodulator
delay 7, and the frequency offset f,fs, and therefore these two parameters
will affect the average power of the intermodulation product. The second
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factor is spread from O to 2Aw, which is equal to the signal bandwidth
Byw B, with the instantaneous frequency that is proportional to the difference
of the two sub-carrier signals. Since the intermodulation product is spread
over a very wide band, only a small fraction of its power will fall into the
useful sub-carrier band Bgc. The effect of inter-user interference will be
similar to the elevated noise floor at the output of the receiver. This results
in a degradation of sensitivity as either the number of users or the power
of additional users increase. For a given targeted bit error rate, interference
among users will ultimately limit the number of users or the difference in
power levels between the two FM-UWB signals that can be handled at the
same time.
The average power of the intermodulation product can be calculated as
2 42 2 42

W(t)? = Aiigbw(tp = Aii?QCMU (4.20)
Factor C)y is the normalized average power of the intermodulation product
and depends on 7 and f,s. It is calculated for two triangular sub-carrier
waves and presented in Figure 4.5(a). The decrease of the demodulator
bandwidth (increase of 7) in this case leads to increased power of the inter-
modulation product. Making the approximation that the spectrum of W (t)
is flat across the entire band [8], the output signal-to-interference ratio (SIR)
can be calculated as

4.21)

A?|C1|? B
SIRoutZIOIOgl(]( 1| 1| UWB>7

A2Cyu Bse

where factor |C1]?/Chyy is added to the original formula from [8] to account
for the frequency offset [9]. Figure 4.5(b) shows how this factor changes with
the frequency offset for different demodulator bandwidths. As expected the
best result is obtained for the highest demodulator bandwidth. The difference
is, however, not too significant compared to the case with 300 MHz band-
width. At the same time, extending the demodulator bandwidth also requires
the extension of the IF amplifier bandwidth, which finally leads to increased
power consumption. For this reason 300 MHz is chosen as a good trade-off
between power and distortion and is the bandwidth that will be used in the
receiver implementation described in the following chapter.



78 The Approximate Zero IF Receiver Architecture

14 | Demodulator
12 e Bandwidth:
120 MHz
N A ,’A/A/‘,A/A/k// l —A— 200 MHz
-8~ 300 MHz
o 08F—a —6— 500 MHz
S /e/
0.6 >
0 4':_{/3’ /
0.2 —
0.0
0 50 100 150 200

Frequency Offset (MHz)

()

Z'Oi::\ Demodulator
Bandwidth:

16} \\g\ 120 MHz

—a N —A— 200 MHz

I N\ -8 300 MHz

' N \‘i\\ —o— 500 MHz

08 NN

2
Cyf ICy

04 \ \?‘t"“\o

L
00 | o~
0 50 100 150 200
Frequency Offset (MHz)

(b)

Figure 4.5 Coefficient C'ysy (a) and correction factor |Cy |2 /Cwu for SIR (b) as functions
of the frequency offset. Four curves are correspond to three different values of the demodulator
bandwidth (or equivalently values of the delay 7).

4.4 The Approximate Zero IF Receiver with Single-Ended
Downconversion

As a general rule, quadrature downconversion is needed in direct downcon-
version receivers, otherwise part of the information will be lost, and it will be
impossible to recover the data. However, because of the properties of the FM-
UWRB signal, transmitted bits can be recovered even if the signal is directly
converted to zero using only a single branch. Shift to a single-ended receiver
architecture enables some power savings. First of all, only one IF amplifier
can be used, allowing to halve the power of the IF stages. In addition, the
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Figure 4.6 Block diagram of approximate zero IF receiver with single-ended
downconversion.

simplified FM demodulator should also allow some savings compared to the
1Q delay line demodulator. Finally, the most important savings come from
the DCO. Quadrature demodulation requires quadrature LO generation that
tends to be power costly. Using a single-ended oscillator simplifies the circuit
and allows to reduce power by a factor of more than 2 for the same oscillation
frequency.

The operation of the demodulator can be explained using a simplified
receiver model, presented in Figure 4.6. Like in the previous case the input
FM-UWB signal can be represented as

s(t) = Acos(wet + (1)), (4.22)

where ¢(t) is again the integral of the sub-carrier wave, and w, is the center
frequency. After downconversion, the signal at the mixer output is given by

Smiz(t) = kA cos(wet + ¢(t) + Po) cos(wosct) (4.23)

The IF low-pass filter removes all the high frequency components, resulting
in the signal at the filter output given by

A
sif(t) = 3 cos(wor st + o(t)), (4.24)

where w, s is the offset frequency, that is equal to the difference of the
LO frequency and the signal center frequency. The following stage, a
differentiator, converts the FM signal into an AM signal given by

dsif(t) A . dg(t
° ;t( ) 3 sin(worst + (1)) (waffro + 70 gfli )>, (4.25)

where 79 is the time constant of the differentiator. The resulting signal is then
demodulated using the envelope detector. Here, an ideal square law envelope
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detector is assumed, resulting in the output signal given by

2

2
sdem () = AT sin(woy st + ¢(t))* <woff70 + 10 d(flit))

2 2
= Iz(l — cos(2worft + 26(1)) (woffTo + 70 dd)(t)) (4.26)

dt

The low-pass filter following the envelope detector will practically
remove the fast changing component cos(2w, st + 2¢(t)), resulting in the
signal at the filter output given by
A? do(t)\>
Sdem(t) = ? <Woff7_0 + 70 ¢( )) . 4.27)

dt

For simplicity, let us assume that the sub-carrier signal is a sine wave. The
demodulated signal is then

AZ
Sdem(t) = - (WorfT0 + AwTp s1n(wsct))2 (4.28)
A2
-5 e (w gff + 2w pAw sin(wsct) + Aw? sin? (wset))  (4.29)
A? 20,2 .
5 ( worf + 2worfAw sin(wsct)
1 1
+Aw? (2 —5 cos(2wsct)> > (4.30)

In the ideal case the offset frequency is zero, w,rr = 0, and the only
remaining useful term is the term at twice the sub-carrier frequency

A
Sdem,2(t) = Aw 78 cos(2wset). 4.31)

The demodulation can now be performed using this signal. The same
conclusion holds for the triangular wave since it can be represented by the
Fourier series, in which case again, the second harmonic of the demodulated
sub-carrier wave can be used for the final FSK demodulation. Interestingly,
if an ideal differentiator is used and if infinite IF bandwidth is assumed,
the amplitude of the second harmonic will be independent of the frequency
offset. The first harmonic will appear with the increase of the frequency
offset, however in this case, this component can be filtered out by the LF
band-pass filter.
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Figure 4.7 Principle of operation of the approximate zero IF receiver with single-ended
downconversion.

The principle of the single-ended baseband FM demodulator is shown in
Figure 4.7. In the derivation, an ideal differentiator was used and infinite IF
bandwidth was assumed. In a realistic implementation the IF bandwidth will
affect the useful signal and will cause the second harmonic of the demodu-
lated signal (used for demodulation) to decrease with frequency offset. Also,
the ideal differentiator, used for derivation, will be replaced by a lossy (non-
zero dc gain) first order high-pass filter. This filter will have a certain cut-off
frequency after which the transfer function flattens. The equivalent FM-AM
characteristic should finally resemble the characteristic at the bottom of the
Figure 4.7.

The first and second harmonic of the demodulated signal are plotted
in Figure 4.8 as functions of the offset frequency. The calculation is done
for a triangular sub-carrier signal with varying IF bandwidth. As explained
previously, the first harmonic is close to zero for small frequency offsets, and
increases as the offset increases. The second harmonic (useful part of the
signal), decreases with the frequency offset. This decrease is purely a con-
sequence of the limited demodulator bandwidth, since the second harmonic
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Figure 4.8 Normalized fundamental C; and second harmonic amplitude C' at the output of
the demodulator.

after a perfect square law envelope detector remains constant regardless of
the offset. The amplitude of the second harmonic shows less variation with
the frequency offset as the IF bandwidth increases. Ideally, the IF bandwidth
should then be extended to get the best performance, however this again
requires more power for the IF amplifiers, and in the receiver implementation
a bandwidth of 300 MHz will be used as a good trade-off.

4.5 Receiver Sensitivity Estimation

The first step in estimating the receiver sensitivity is to find the output BER
as a function of the SNR at the receiver input. For the approximate zero IF
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receiver with quadrature demodulation, the FM-AM conversion characteristic
is equivalent to the one of the RF delay line demodulator. The only difference
between the two is that the demodulator is located at the baseband instead of
RF. The expectation is then that the BER performance of the two receivers
remains the same, meaning that the same approximation can be used to
estimate the BER. The hypothesis is verified using the high-level model
corresponding to the one shown in Figure 4.2. A bandwidth of 300 MHz was
used for the IF filters, and 2 MHz for the LF filter that filters the demodulated
FSK signal. The bandwidth of the demodulator is chosen larger than the IF
bandwidth and is set to aproximately 350 MHz. The simulation results are
compared to the Gerrits’ approximation [8] in Figure 4.9, using the formula
for a non-coherent probability of error. The simulation points match well
with the calculated curve, validating the use of Gerrits’ approximation for
the proposed quadrature receiver.

In the case of the single-ended receiver architecture, the Gerrits’ approxi-
mation no longer holds in it’s original form. However, looking at the receiver
structure, after the squaring operation of the envelope detector, the same
products appear as in the case of the delay line demodulator. In principle
the same approach can be used as in [8], with the difference that the useful
signal amplitude is half of the one in the case of the delay line demodulator.
The resulting output SNR is then given by

_ Bgp (SNRjn/4)?

SNR.., — ] 4.32)
ou Bgsc 1+ SNRj,
Quadrature Rx:
O Simulation
----- Calculation
Single-Ended Rx:
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Figure 4.9 Simulated and calculated BER curves for the approximate zero IF receiver.
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The rest of the calculation remains the same as for the delay line demod-
ulator. The resulting calculated BER curve is shifted by approximately 6 dB
compared to the BER of the quadrature receiver. This is the price paid for
the simplified receiver architecture. The calculated BER curve is compared
to the simulated points in Figure 4.9. The used model corresponds to the
block diagram of Figure 4.6. The IF bandwidth of 300 MHz was used in
the simulation, and a high-pass filter with a cut-of frequency of 300 MHz
replaced the differentiator. Such implementation should roughly correspond
to the actual implementation of the single-ended receiver.

The two BER curves provide the information on the minimum SNR
needed at the receiver input in order to achieve the desired BER. Typically,
for low power wireless receivers a BER of 1072 is taken as the reference
point. The sensitivity of the receiver is then defined as the signal level at
the receiver input needed to achieve this BER. To calculate this sensitivity,
the noise power at the receiver input must first be calculated. The equivalent
input referred noise of the receiver in dBm is given by

N = 10log(kTByw /1 mW) + NF, (4.33)

where N F' is the noise figure of the receiver, and 10log(kTBywp/1 mW)
is the thermal noise power in dBm at the receiver input at a temperature of
T = 25°C. The used FM-UWB signal bandwidth is Bywp = 500 MHz.
Considering that the main target is to lower the receiver power consumption
and that the LNA will be either completely removed, or have very limited
performance, relatively high noise figure of the receiver should be accounted
for. In [5] the total noise figure of the active mixer and the IF amplifiers is
23 dB. The high noise figure is a consequence of the mixer first architecture
and low power gain of the first stage, which results in significant contribution
from the IF amplifier. For this design, a 20 dB noise figure will be assumed
in order to calculate the achievable sensitivity of the FM-UWB receiver. The
sensitivity is then calculated as

Sin = 101og(kTByw /1 mW) + NF + SNRymin. (4.34)

For the quadrature receiver minimum input SNR,,;,, = —11.5dB, which
results in a receiver sensitivity of around S;,, = —78.5dBm. For the single-
ended receiver the minimum input SNR is approximately 6 dB higher, which
results in sensitivity of S;;, = —72.5dBm. Achievable sensitivity, although
low compared to typical narrowband receivers that achieve levels lower
than —90dBm (for example, typical Bluetooth receivers), is sufficient for
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communication in body area networks at distances below 1 m. The presented
calculation and simulation are valid in an ideal case, where the LO frequency
is perfectly aligned with the center frequency of the FM-UWB signal. Since
the idea behind power reduction is to use a low quality oscillator whose
frequency might drift with time, the sensitivity degradation due to frequency
offset should be estimated as well. This is done using the same high-level
model, and the results are presented in Figure 4.10.

The 50 MHz offset is taken as a maximum offset that should be toler-
ated, and the LO frequency must be maintained within these limits. In the
practical implementation this will be achieved using a calibration FLL loop
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Figure 4.10 Simulated and calculated BER curves with and without frequency offset
for the approximate zero-IF receiver with quadrature downconversion (a) and single-ended
downconversion (b).



86  The Approximate Zero IF Receiver Architecture

that is periodically turned on (e.g. by a microcontroller when temperature
exceeds certain limits). The sensitivity degradation for a 50 MHz frequency
offset and for the receiver with quadrature downconversion is reported in
Figure 4.10(a). As can be seen, this degradation is below 1dB, confirming
empirically the initial hypothesis that the frequency offset does not cause
a major sensitivity degradation. In the case of the receiver with single-
ended downconversion this degradation amounts to around 1.6 dB, as seen
in Figure 4.10(b) showing that the simplified architecture is slightly more
susceptible to frequency offsets.

It should be noted here that the given calculation and simulation models
only account for a noise source at the input of the receiver. The separate
contributions of receiver blocks are accounted for through the noise figure,
however what is not accounted for is the noise generated by the FM demodu-
lator (delay line demodulator for the quadrature, and envelope detector for the
single-ended receiver). Due to the nonlinear nature of FM demodulators, the
output noise will depend on the input signal level. In order for the presented
sensitivity estimation to be valid, the noise of this block must be negligi-
ble compared to the noise from other sources. This requirement is simply
achieved by increasing the gain of the stages preceding the demodulator, and
it is in fact this requirement that sets a limit for the combined gain of the
LNA, mixer and the IF amplifier.

4.6 Summary

This chapter presents the general approach to receiver power reduction
through use of “uncertain IF” and “approximate zero IF” architectures. The
main idea is to loosen constraints on RF stages, that usually consume the
most power, and shift the burden to IF where high gain comes at a lower
price in terms of power. Two different receiver architectures are proposed.
The quadrature approximate zero IF receiver targets to reduce consumption,
but also to provide enough linearity to support multi-user communication.
Potential to parallelize communication through sub-carrier FDMA, on top
of existing TDMA could bring both latency and power savings at a net-
work level. The second architecture, the single-ended FM-UWB receiver
architecture, aims solely to reduce power consumption. The used approach
sacrifices all other performance aspects in order to provide the lowest possible
consumption level, and could be used when there is no need for SC-FDMA.
The analysis of the two architectures is presented, providing some insight into
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the key points and the principle of operation, together with a short sensitivity
analysis that estimates the achievable receiver performance.

The implementation of the concepts presented here is the subject of
the following chapters. First, the quadrature approximate zero IF FM-UWB
receiver is implemented and characterized standalone. Then, in the second
iteration, a full transceiver is integrated. Both receivers are placed on the
same die, with the idea to use the single-ended FM-UWB receiver as a low
power mode.
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