METHOD AND APPARATUSFOR IMPLEMENTING SIGNAL QUALITY METRICS
AND ANTENNA DIVERSITY SWITCHING CONTROL

FIELD OF THE INVENTION

[0001] This invention relates to digital radio broadcagtineceivers, and more
particularly to methods and apparatus for implemgnsignal quality metrics and switching
control logic for antenna diversity switching imaalio receiver.

BACKGROUND OF THE INVENTION

[0002] Digital radio broadcasting technology delivers tibaudio and data services
to mobile, portable, and fixed receivers. One typdigital radio broadcasting, referred to as
in-band on-channel (IBOC) digital audio broadcasiiPAB), uses terrestrial transmitters in
the existing Medium Frequency (MF) and Very Higledtrency (VHF) radio bands. HD
Radid™ Technology, developed by iBiquity Digital Corpadeat, is one example of an IBOC
implementation for digital radio broadcasting aadaption.

[0003] IBOC DAB signals can be transmitted in a hybriddat including an analog
modulated carrier in combination with a pluralitiydigitally modulated carriers or in an all-
digital format wherein the analog modulated carreenot used. Using the hybrid mode,
broadcasters may continue to transmit analog AMREMdimultaneously with higher-quality
and more robust digital signals, allowing themsghamd their listeners to convert from
analog to digital radio while maintaining their emt frequency allocations.

[0004] IBOC DAB technology can provide digital quality aodsuperior to existing
analog broadcasting formats. Because each IBOC BiBal is transmitted within the
spectral mask of an existing AM or FM channel aloan, it requires no new spectral
allocations. IBOC DAB promotes economy of spectruile enabling broadcasters to
supply digital quality audio to the present basésbéners.

[0005] The National Radio Systems Committee, a standdtohgeorganization
sponsored by the National Association of Broadecastnd the Consumer Electronics
Association, adopted an IBOC standard, designaR8@5, in September 2005. NRSC-5,
the disclosure of which is incorporated herein éference, sets forth the requirements for
broadcasting digital audio and ancillary data od&t and FM broadcast channels. The
standard and its reference documents contain ddtakplanations of the RF/transmission
subsystem and the transport and service multiplgxsystems. iBiquity's HD Radio

Technology is an implementation of the NRSC-5 IBS#&hdard.
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[0006]  Other types of digital radio broadcasting systenctude satellite systems such
as XM Radio, Sirius and WorldSpace, and terrestgiatems such as Digital Radio Mondiale
(DRM), DRM+, Eureka 147 (branded as DAB), DAB Versi2, and FMeXtra. As used
herein, the phrase “digital radio broadcasting” anpasses digital audio broadcasting
including in-band on-channel broadcasting, as wsllother digital terrestrial broadcasting
and satellite broadcasting.

[0007]  Antenna diversity techniques are used to mitigaeedffects of distortion and
outages due to multipath propagation of the redeit#®1 signal. Diversity can also
accommodate the directional characteristics ofsgggsbedded window antennas. A variety of
diversity antenna techniques have been developgdieployed for use with automotive FM
receivers Although all FM receivers, including tabletop, hotheaterand portable receivers,
could benefit from antenna diversity, only autowetreceivers presently employ diversity
techniques. Furthermore, the diversity algorithdeveloped for analog FM receivers are
generally not appropriate for HD Radio digital neiben.

[0008] It would be desirable to have a metric for the tyalf a received radio signal
that can be used to control antenna diversity &mit; as well as switching control logic
appropriate for the IBOC signals.

SUMMARY

[0009] In a first aspect, the invention provides a metfayddetecting the quality of a
radio signal, including: receiving a radio sigmaluding a digital portion modulated by a series
of symbols each including a plurality of samplesmputing correlation points between
endpoint samples in cyclic prefix regions of adjgc®/mbols; and using the correlation points
to produce a digital signal quality metric.

[00010] In another aspect, the invention provides an aparacluding: a radio receiver
including an input for receiving a radio signal imava digital portion modulated by a series of
symbols each including a plurality of samples, amtocessor for computing correlation points
between samples in cyclic prefix regions of adjasgmbols to produce a digital signal quality
metric.

[00011] In another aspect, the invention provides a methoddding: receiving a radio
signal including an analog-modulated portion; digyt sampling an analog-modulated portion

of the radio signal to produce a plurality of saespland using a ratio between an average



magnitude and an RMS magnitude of a block of thepées to compute an analog signal
guality metric.

[00012] In another aspect, the invention provides an apparacluding: a radio receiver
including an input for receiving a radio signal im@van analog-modulated portion; and a
processor for digitally sampling the analog-modedgportion to produce a plurality of samples;
and using a ratio between an average magnitudeaardMS magnitude of a block of the
samples to compute an analog signal quality metric.

[00013] In another aspect, the invention provides a metholliding: (a) receiving a
radio signal on a plurality of antenna element$;cmputing a signal quality metric for the
signal received on each of the antenna elementdg{ermining a difference value between the
signal quality metric for the currently selectedemma element and the signal quality metric for
each of the other antenna elements; (d) findingriteemum difference value; (e) determining
(2) if a dwell value for the currently selectedeamta element is greater than a multiple of the
minimum difference value and (2) if the signal dyahetric for the currently selected antenna
element is less than a threshold value; and @jtlifer or both of (1) or (2) in step (e) is true,
then switching from the currently selected elemenbne of the other antenna elements for
supplying the radio signal to a receiver, and reépgateps (b) through (e).

[00014] In another aspect, the invention provides an apymiacluding: a plurality of
antenna elements for receiving a radio signal; ackwior connecting one or more of the
antenna elements to an input of a receiver; aneepsor for (a) computing a signal quality
metric for the signal received on each of the ardeslements, (b) determining a difference
value between the signal quality metric for theently selected antenna element and the signal
quality metric for each of the other antenna eld@s)dn) finding the minimum difference value,
(d) determining (1) if a dwell value is greaterrttamultiple of the minimum difference value
and (2) if the signal quality metric for first antea element is less than a threshold value, and (e)
if either or both of (1) or (2) in step (e) is truken controlling the switch to switch from the
currently selected element to one of the othemaatelements for supplying the radio signal to
the receiver and repeating steps (a) through (d).

[00015] In another aspect, the invention provides a methddding: receiving a radio
signal on a plurality of antenna elements; compuansignal quality metric for the signal
received on each of the antenna elements; usirgighal quality metric for an antenna element

currently supplying the radio signal to a receiwedetermine if diversity switching is desired;

-3-



and producing a proxy control signal that causeBvarsity switch control to implement a
desired switching of the antenna elements.

[00016] In another aspect, the invention provides a methoddding: receiving a radio
signal on a plurality of antenna elements, whettggradio signal includes an analog modulated
portion and a digitally modulated portion; compgtian analog signal quality metric for the
analog modulated portion of the received radioaigtomputing a digital signal quality metric
for the digital modulated portion of the receivadio signal; and using either the analog signal
quality metric or the digital signal quality mettc select one or more of the antenna elements
to be connected to a receiver input, wherein aitgratime for selecting the antenna elements
based on the analog signal quality metric is shdimn a reaction time for selecting the antenna
elements based on the digital signal quality metric

[00017] In another aspect, the invention provides an apymiacluding: a plurality of
antenna elements for receiving a radio signal, ethethe radio signal includes an analog
modulated portion and a digitally modulated portiaswitch for connecting one or more of the
antenna elements to an input of a receiver; antbeepsor for computing an analog signal
quality metric for the analog modulated portiortted received radio signal, computing a digital
signal quality metric for the digital modulated fon of the received radio signal, and using
either the analog signal quality metric or the tdigsignal quality metric to produce a switch
control signal for selecting one or more of theeantr elements to be connected to a receiver
input; wherein a reaction time for selecting théeana elements based on the analog signal
quality metric is shorter than a reaction time defecting the antenna elements based on the

digital signal quality metric.

BRIEF DESCRIPTION OF THE DRAWINGS

[00018] FIG. 1 is a block diagram of an FM receiver for usen in-band on-channel

digital radio broadcasting system.

[00019] FIG. 2 is a block diagram of isolation filters tle@n be used in the receiver of
FIG. 1.

[00020] FIG. 3 is a graph of quality values for upper aowdr digital sidebands over
several measurement samples.

[00021] FIG. 4 is a graph of analog signal quality metsagunction of carrier-to-noise

ratio.



[00022] FIG. 5 is a functional block diagram of a receitbat includes antenna diversity
using analog and digital signal quality metrics.

[00023] FIG. 6 is a simplified block diagram of an examgleomotive FM receiver with
switched diversity.

[00024] FIG. 7 is a simplified block diagram of an altemd&M IBOC automotive
receiver with switched diversity.

[00025] FIG. 8 is a simplified block diagram of an altemn&M receiver with switched
diversity using a proxy diversity control signal.

DETAILED DESCRIPTION

[00026] In one aspect, this invention relates to methodssaguparatus for implementing
signal quality metrics that can be used to impldnagtenna diversity switching in HD Radio
receivers. Descriptions of an HD Radio broadogssiystem are provided in United States
Patent No. 7,933,368, for a "Method and Apparadusrplementing a Digital Signal Quality
Metric" and United States Patent Application Pwilan No. 2009/0079656, which are hereby
incorporated by reference.

[00027] As shown in United States Patent Application Paltilb;n No. 2009/0079656, a
hybrid FM IBOC waveform includes an analog modwasggnal located in the center of a
broadcast channel, a first plurality of evenly gghorthogonally frequency division multiplexed
subcarriers in an upper sideband, and a secondaliptuof evenly spaced orthogonally
frequency division multiplexed subcarriers in a éowsideband. The digitally modulated
subcarriers are divided into partitions and varisudcarriers are designated as reference
subcarriers. In one implementation, a frequenctitjpen is a group of 19 OFDM subcarriers
containing 18 data subcarriers and one referermeastuer.

[00028] The hybrid waveform shown in United States Pateppliation Publication
No. 2009/0079656 includes an analog FM-modulateghasi plus digitally modulated
subcarriers. The subcarriers are located at ewpalged frequency locations. The amplitude of
each subcarrier can be scaled by an amplitude feaczde.

DIVERSITY WITH HD RADIO SIGNALS

[00029] HD Radio signals always carry a digital componant] an analog host signal is
also present in the more-common hybrid signalse digital signal component is more tolerant
of fading than its analog counterpart, due to digiroperties of interleaving, forward error

correction (FEC) coding and frequency/time divgrsitSelective fading can be tracked with
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channel state information (CSI) estimates over t@mé frequency for the digital signal. The
CSl is used to derive weights for the symbol infation as a function of its estimated
reliability. However, antenna diversity is stileeded to accommodate directional antenna
patterns or long, flat-fading outages lasting astadtial portion of the interleaver span. Since
the digital signal is coherently detected and tdcleach antenna switching event is likely to
cause symbol corruption and temporary loss in @8l@herent tracking. Modifications to the
digital modem have been previously designed to sdraemitigate the effects of the switching,
although switching losses are still significantheflefore antenna diversity switching for digital
signals can be a slower process than for analowplsig Specifically, for the digital signal
component, antenna switching is needed to avoig, loroadband outages due to slow fading
(including fixed conditions) as well as antennadilonality losses.

[00030] A different antenna switching strategy would be enappropriate for the FM
analog signal component. The difference in ditgersivitching strategy between analog and
digital components of an HD Radio hybrid FM sigoah be summarized as follows. For FM
analog signals, the switching reaction time is gahyesmall (tens of microseconds) to avoid
signal corruption in a fade, or frequency-selectiuéh. For digital signals, the desired switching
reaction time can be tens of milliseconds, or gredab avoid long, broadband outages due to
slow fading (including fixed conditions) as well astenna directionality losses. Therefore, it
would be desirable to use different switching adt¢éo handle diversity switching with a hybrid
signal, depending on whether the audio output rveld from the digital or analog signal.
Importantly, the FM analog diversity switching algfom will not work when the IBOC signal
is all digital (not hybrid). The switching actiamould be excessive if the analog signal were
missing.

[00031] One embodiment of the present invention includesesof the elements of a
receiver described in United States Patent No.37388, for a "Method and Apparatus for
Implementing a Digital Signal Quality Metric", wiids hereby incorporated by reference.

[00032] FIG. 1 is a functional block diagram of an FM reeei 10 having multiple
antenna elements 12, 14, and 16 and employing remééement diversity, as well as adaptive
impedance matching (AIM) functions. AIM is deseubin United States Patent Application
Publication No. 2010/014495. In one embodimenta@enna element 12 can be an antenna
incorporated into an earbud wire; antenna eleméntah be a loop antenna; and element 16

represents one or more additional, optional antenn&/ithin an RF/IF processor 18, a first
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antenna matching circuit 20 dynamically matchesirtiygedance of antenna element 12 to the
receiver, a second antenna matching circuit 22 rdigaly matches the impedance of antenna
element 14 to the receiver, and optional additiamé&nna matching circuits 24 can be used to
dynamically match the impedance of any additions&@ana elements to the receiver. While the
antenna matching functionality is shown in FIG. 4 art of the RF/IF processor, this
functionality may be implemented in other discradenponents of a receiver device such as an
RF front end. Antenna element selector 28 sekedignal from one of the antenna elements
based on an antenna element diversity control sSBfhand passes that signal as an RF input 32
to RF tuner 34. Alternatively, the antenna elenseftctor can pass on the sum or difference of
the signals received on the various antenna elamertie RF tuner produces an IF signal 36,
which is converted from analog to digital and ditiyt down converted by IF processor 38 to
produce a baseband signal 40 at a rate of 744,&8implex samples per second.

[00033] The baseband signal is received by baseband poocd2s which applies
isolation filters 44 to produce a digitally sampleshalog signal 46 at a rate of 186,046.875
complex samples per second, primary upper sidedaddower sideband digital signals 48 at a
rate of 186,046.875 complex samples per secondaaadi-digital secondary signal 50 at a rate
of 372,093.75 complex samples per second. Anadrgodulator 52 receives the digitally
sampled analog signal 46 and produces an analog autpput 54 and an analog signal quality
metric (ASQM) 56. The operation of analog demottul&2 and calculation of the ASQM is
described in more detail below. A first-adjaceaharllation operation 58 is applied to the
primary upper and lower sidebands in order to mzenany interference from a first-adjacent
signal. Symbol dispenser 60 aligns and dispensesnitoming data stream into segments
representing one OFDM symbol. The all-digital setaoy signal and primary upper and lower
sidebands are then demodulated, deinterleavedderwied (62), and then passed as logical
channels 64 to Layer 2 of the receiver protocatksfar demultiplexing, as described in US
Patent Application Publication No. 2009/0079656 p#e-acquisition filtering process 66 is
applied to the primary upper and lower sidebangsra@duce filtered upper and lower sideband
signals 68 at a rate of 46,511.71875 complex same second. Acquisition processing 70
produces symbol timing and frequency offsets. DS€timation 72 calculates a digital signal
quality metric (using for example, the DSQM aldamit disclosed in US Patent No. 7,933,368,
or the DSQM:-lite algorithm disclosed below). DSQM-is output on line 74, which is used by

the diversity control logic 76 after acquisitiorshzeen established. Pre-acquisition filtering and
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DSQM estimation are shown and described in moraildatlow. Diversity control logic 76
receives the analog signal quality metric (ASQM] digital signal quality metric (DSQM:-lite),
and produces antenna element diversity controbsigd. Diversity control logic 76 preferably
receives the ASQM and DSQM-lite signals at an update of roughly 20 Hz or possibly lower
for home or portable devices.

[00034] When the receiver is used in a hybrid IBOC systboth an analog signal
guality metric (ASQM) and a digital signal qualityetric (DSQM-lite) are needed for antenna
diversity switching. Algorithms for efficient ASQMINnd DSQM-lite computation are described
herein.

[00035] To construct the DSQM-lite algorithm, the computaél complexity of the
DSQM algorithm (of US Patent No. 7,933,368) hasnbestluced by taking advantage of
symbol synchronization after the signal has beepieed, establishing frequency tracking and
symbol synchronization. The DSQM algorithm of U&tdat No. 7,933,368 computes
correlation points for all the samples of each syinalthough only the correlation samples in
the cyclic-prefix regions are useful. This is ddrexause the locations of the cyclic-prefix
samples within each symbol are not known priorctquasition. However, since the locations of
the cyclic-prefix regions of the symbols are knofwlowing acquisition, there is no need to
compute correlation points across the entire symbabk used in this description, symbol
acquisition means locating and synchronizing to sigebol boundaries. This allows a
simplified DSQM algorithm that computes only théefied correlation-peak samples in the
symbol-synchronized cyclic-prefix region. This piffied algorithm is labeled DSQM:-lite.
Since DSQM:-lite is based on DSQM, the reader errefl to the DSQM Patent No. 7,933,368,
and only the details of computing DSQM-lite arewshdnere.

[00036] In one example, both the DSQM and DSQM-lite alpons process groups of
16 symbols to produce a digital signal quality meetWhile 16 symbols have been determined
to be sufficient to reliably enhance and locatectbreelation peak, the invention is not limited to
any particular number of symbols. The processirgcrilged below includes two operations:
pre-acquisition filtering and acquisition procegsin First, an efficient isolation filter
architecture is presented, including pre-acquisitikering.

[00037] The efficient implementation of isolation filterand decimation to minimum
sample rates, can reduce subsequent MIPS requitgnaed save power. Recognition of some

complementary characteristics of these filtersnpadrtant in realizing the efficient filter design.
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The combination of input sample rate, bandwidthsl, lacations of the analog FM signal and
digital sidebands, along with the decimate-by-4quiencies, offers a convenient filter
architecture.

[00038] To prevent DSQM degradation due to large secorakcadf channels, each
primary sideband is filtered prior to acquisitiorogessing. To reduce the MIPS requirement,
this filter can be implemented as a decimate-by#i& (from the original sample rate of
744,187.5 Hz), with an output sample rate of 46,61875 Hz. In one implementation shown
in FIG. 2, each digital sideband is first decimalbgd4 to 186,046.875 Hz for normal OFDM
demodulation of each sideband.  Although not showrFIG. 2, FAC (First Adjacent
Canceling, an interference mitigation algorithpocessing may be performed on each
sideband.

[00039] FIG. 2 is a functional block diagram of the isaatffilters 44. The input signal
40 from the front end circuit is input to a half¢pea finite impulse response (FIR) filter 80.
This “halfquarter” filter establishes the location$ all the transition bands. This set of
characteristics allows for exploitation of an infilter having both halfband and quarterband
symmetries, resulting in zero coefficients excepelvery fourth sample. This is followed by an
efficient halfband Hilbert transform filter 86 tearate the upper and lower digital sidebands,
and another similar halfband filter 84 to sepaeatd reduce the sample rate of the analog FM
signal and to isolate the secondary digital siddbanf an all digital signal. In FIG. 2, all sigeal
are complex, and all filters are real, except tlibdit FIR filter 86. Halfband and quarterband
symmetry is common language of filter designerhese symmetries result in some efficiency
advantages, and can be exploited here in someaunigys (e.g., adding and subtracting instead
of refiltering some frequency bands in the isolafitiers).

[00040] FIG. 2 shows that the isolation filters can decertae center baseband sample
rate of fs=744,187.5 by a factor of either 3 orThis center isolation filter is used for isolating
the analog FM signal. The 6-dB filter bandwidthwewer, is £ 93 kHz in either case. The less-
aggressive decimation by 3 can prevent some snagjléncy components just above 93 kHz
from aliasing back into the output. However, siatioin results indicate that this benefit is not
significant in Total Harmonic Distortion plus Noig@HDN) performance, even in 120%
overmodulation conditions. Another potential bénaff the decimate-by-3 option is that there
is less distortion in FM detection due to the défece (instead of the derivative) approximation

of the digitally-sampled detection. However, thistattion compensation demonstrated
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(simulated) for the FM detector virtually eliminatéhis loss. Therefore the decimate-by-4
option to 186 kHz seems preferred in the intereBtIB'S reduction.

[00041] The digital sidebands are then translated in frequdy £ exp(j[721ln/3) for

the upper sideband (USB) or lower sideband (LS&pectively. The net frequency translation
is +155,039.0625 Hz from the original sideband destpy due to sample-rate aliasing
(186,046.875-Hz shift to dc) and the exponentedjfiency shift (31,007.8125 Hz). This places
the subcarriers previously-centered at +155,03%082 at zero Hz for subsequent lowpass
filtering on each upper and lower sideband, respadgt The frequency-shifted upper sideband
signalxypper @and lower sideband sign@dwe are:

Xyper N =USELN] [ex{ j [N[72/3}

Xaue N = LSBIN] (XK~ | M 77/3)

for thenthsamplen asemtinfinite stream.

a

[00042] Then the cascaded pre-acquisition filter decimbyesnother factor of 4 with
23-tap FIR filter. The integer taps definedhmp represent a quarter-band filter, and can be
scaled by 2° to yield a unity-gain passban@he expressiohgb represents the filter impulse

response (filter taps) for a FIR filter with qualtend symmetry. In one example:
hgb=(40,100,130,0,-386,-852,-912,0,2080,4846,7242,F32,4846,2080,0,-912,-852, -
386,0,130,100,40)

[00043] For example, the decimated filter output samples dach sideband are

computed as:

22

yim] =" Xk +40n-11] Chab{ K]

k=0
for themthsamplen asemi- infinite stream
where y[m] is the decimated filter output, x is theximation-filter input, and hgb is the filter
impulse response (filter taps) for a FIR filter vquarterband symmetry.
[00044] The DSQM-lite processing starts with these sidelmgdals. Due to a cyclic
prefix applied at the transmitter, the first anst & samples (at the preacquisition sample rate

of 46.5 kcsps) of each transmitted symbol are kigidrrelated. DSQM-lite processing

reveals this correlation by complex-conjugate mpjtng each sample in an arbitrary (or
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first) symbol with a sample in a preceding (or sebosymbol 128 samples away. When the
products of these multiplications are synchronigeag symbol’s cyclic-prefix region, they
form a 6-sample peak with a common phase, and aiitade that reflects a root-raised-
cosine pulse shape. To reduce the noise in tHe geacorresponding products of samples in
the cyclic prefix regions of 16 contiguous symbais “folded” on top of one another (i.e.,
pointwise added) to form a 6-sample result.

[00045] Since the symbol boundaries are already establishédue symbol dispenser
(symbol synchronizer) when the DSQM-lite is useddiversity switching, there is no need
to compute more than one peak, and the phase iatanmis not used for diversity switching.
Only the DSQM-lite magnitude between zero and snesed.

[00046] The following algorithm provides a computationalifficient means of
calculating a digital signal quality metric for anta diversity switching. It includes aspects
of the acquisition version of DSQM described in B&tent No. 7,933,368, however the
complexity is reduced because the location of syrhbondaries is known once acquisition is
complete. Therefore, computations need only ootusamples comprising the correlation
peak. The process includes pre-acquisition filgerand DSQM-lite calculation. This
function is called only after acquisition is sucsfes

[00047] After initial acquisition, a substantial reductiam MIPS can be realized by
limiting the processing of signal samples to thelicyprefix regions of the symbols. Since
the symbol samples are already framed by the sydibpénser in the receiver of FIG. 1, it is
relatively straightforward to select the cyclic4xeegions for DSQM-lite processing. In one
embodiment, 6 samples are processed at each ¢hd b85-sample symbol at the decimate-
by-16 sample rate. In the example described beboly, sample indices 1 through 6 and 129
through 134 are computed; sample 0 is not needea & should be synchronized to have a
zero value.

[00048] The center of pre-acquisition decimation filtegb for a 540-sample input
symbol will be aligned at input sample indices 4,12, 16, 20, and 24, as well as at
corresponding locations 512 samples later (i.endites 516, 520, 524, 528, 532, and 536).
After initial acquisition, the indexed input sampleutside the present symbol boundary can
be assigned a zero value. Further simplificatian be realized by re-indexing the output

samples. Re-indexing is simply renumbering theaigamples (for convenience).
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[00049] Vectors for complex frequency shifting and filtevefficients are computed
and pre-stored. One example pre-stored complearexyial is a 6-element vectfshft. The
upper USB and lower LSB sideband signals are altyi¢modulo-6 elements) multiplied by
the vectorfshft to shift the center of the target OFDM subcarrtergero Hz, as described

above.
1 1
exd j 07/3} 05+ j (0866
ot = exdj207/3 |_|-05+ 0866
-1 -1
exd- j207/3| |-05- 0866
exd- j Or/3} 05- j (0866

[00050] The correlation samples aveeighted with a 6-tap FIR filter whose impulse
response is matched to the shape of the peakfilldi® h andh2 are matched to the shapes

of the peaks to be computed for 6-element veat@nsdv, respectively.

h[m] = co{wj and h2[rm] = h2[2m] for m=01...5

14
0434 0094
0782 0306
h= 0975 cand h2= 0475
0975 0475
0782 0306
0434 0094

[00051] The DSQM-lite computation includes 6 steps.
[00052] STEP 1. Place the frequency-shifted symbol endpopstét andqshft for the

upper and lower sidebands in vectors for each skmbo

USB[n-7] Oshftfmod(+ 56)] ; forn>6
pshft e [Nl =< .
0; otherwise
USB[n+509 (Fshftfmod(n + 1,6)] ; for n< 35
Oshft e [N =9 . .
0; otherwise
oshft__[n] = LSB[n-7] D-fshft [mod(n+ 56)] ; forn>6
0; otherwise
gshit,__[n] = LSB[n+50§ (Fshft [mod(n+ 1,6)] ; forn<35
0; otherwise
for n= 01..,42 samplendexfor eachsuccessiveymbol
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wherepshft e is the frequency-shifted starting cyclic prefixtbe upper sidebandghft,gper
is the frequency-shifted ending cyclic suffix oéthpper sidebangshftower is the frequency-
shifted starting cyclic prefix of the lower sideldarandgshftowe IS the frequency-shifted
ending cyclic suffix of the lower sideband. As dise this description, the "endpoints” are
groups of samples near the symbol boundaries. vithdal samples in these groups are
referred to as endpoint samples.

[00053] STEP 2: These vectorspéhftypper,, gshftupper, PShftiower, gshftyow) are filtered
with quarterband filtehgb, and then decimated by a factor of 4. The fillen@sults ar@gper

» Clupper » Prower » aNdQower -

22
Puppe [M] = Y pshft,,,.. [k + 4[] Chabk]

k=0

22
Cuper LM = D gt [k + 4[] Chab K]
k=0

Do [ = " pshift,.. [k + 4Lir] Chab{k]

k=0
22
Chower [M] = Y Ashft,,,,o [K + 4 0] Chgb{ K]
k=0
form=031...5

[00054] STEP 3. A “conjugate multiply and fold” operation is nh&matically

described for each upper or lower sideband bydhewing equations:

Uy (M1 = S s [ (8 [, 11

s=0

S
ulovver[m] = Z plower [S, m] mrovmr[s! m] for m= 0’1' ’5

[00055] where uyppe[M] is the 6-sample correlation vector result for theper
sideband uowe[M] is the 6-sample correlation vector result for tberer sidebands is the
folded symbol index, an8= 16symbols is the DSQM-lite block size.

[00056] STEP 4: A normalization factow is used to scale the DSQM-litetoa O to 1

range:

Vi [ = zﬂp [smi| +
Vigue [M] = iqﬁm [s, m]|2 +|Choer [S: m]|2) for m=01,...5

s=0

Chpper [, m]\z)
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where Vppe[m] is the normalization factor for the upper sidetamiowe[m| is the
normalization factor for the lower sidebarsis the folded symbol index, arfisymbols is
the DSQM-lite block size, which is 16 in this exdep

[00057] STEP 5. The qualityQ value for either the lower or upper sideband enth
computed as:

Su__[m] (]
Qupper = n;:() 2
[ZOVW [m Elhz[m]j

iulw [m] Ch[m]
Qo =75 ;
(Zov,m [mi Ehz[m]J

whereQuuper is the quality value @Qupe<1) for the upper sideband, a@ihwe is the quality
value (XQuer<l) for the lower sideband, where filter coefficehfm] and thehy[m] are
pre-computed (i.e., computed and stored in a veatopreviously defined).

[00058] STEP 6: Finally, the composit®SQM-lite metric is computed (0DSQM
<1).

DSQM = maX(Qupper !Qlower ’min(l' Qupper + Qlower - 02»

[00059] While the calculations can be performed on onebsidd, it is more robust

using both sidebands because one may be corrugtad mterferer or frequency-selective
fade while the other sideband is viable. That gy whe qualityQ metrics for each sideband
can be added. However, 0.2 is subtracted for neliseination from a low-valu& of a
sideband, since it has no useful contribution at point.
[00060] FIG. 3 shows the quality Q values for the upper kvder sidebands for an

FM Hybrid IBOC signal in multipath Rayleigh fading.ines 90 and 92 are th@yype and
Qiower Values over roughly 30 seconds, where the horaantis is in units of measurement
samples consisting of 16 OFDM symbols. The plowshthat the frequency-selective fading
affects the signal quality (Q) differently for eadigital sideband. The fading for the analog
FM signal in the center of the channel (not showrehis also somewhat uncorrelated with
the digital sidebandsThat is another reason why the fading metric (andrdity switching

algorithm) designed for analog FM signals is nofrapriate for the digital signal.
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Importantly, the FM analog diversity switching algiom will not work when the IBOC
signal is all digital (not hybrid). The switchirgtion would be excessive if the analog signal
were missing.

[00061] In one aspect, the invention encompasses a rad&ves that includes an
input for receiving signals from one or more of larality of antennas and a processor or
processing circuitry that performs the DSQM:-litegessing described above to produce a
digital signal quality metric that can be usedétest an input signal from one or more of the
antennas. For the purposes of this descriptiom,whbrd "processor" encompasses one or
more signal processing devices or processing ticthat performs the processing steps
described herein.

ASOQOM COMPUTATION
[00062] As shown in FIG. 1, the analog portion of the rasignal is digitally sampled

to produce a plurality of samples. The analog aigquality metric ASQM) value is
computed for blocks of samples from the FM halfbditkr shown in FIG. 2. The
recommended block size should span about 1 OFDMbsl(about 3 msec). This block size
is both convenient and practical. It is convenibatause some receivers already process
signals framed at the symbol rate. The block $zéarge enough to yield a reasonably
accurate result, and small enough to accommodattéafiing over the time span. TASQM
computation exploits the constant-modulus propeftthe FM signal where, in the absence
of signal corruption, each sample has a constaghinale. Both noise and selective fading
cause variations in the FM signal sample energies the symbol span &€ samples. The
ASQM can also be affected by the bandwidth of the Fikglection filter. ThéASQM is
based on the ratio between the average (mean) tudgnand the RMS magnitude of the
samples over the span of 1 symbol. This raticaised to a powep so that subsequent
averaging ofASQM values over time is not biased from the nominetghold of about 0.5.
The greatest slope and an inflection point in A8QM versus the carrier-to-noise-density
ratio (C/No) occur at about 0.5. This also prosid®mnvenient scaling, similar to other

metrics used in the antenna diversity algorithrhe Tdeal ASQM can be calculated as:

p

o c2x) || SR el

ASQM _ideal =[ s \/i E§|Xk|2 \/K E:Z‘T[Re[xk}z + Im{Xk}z]
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where x is the K" sample of the estimation block (e.g., one symbm-s/ector ofK
elements), anll is sample index from O tg-1.

[00063] Since the RMS value is the root-sum-square of tegage (mean) magnitude
and the standard deviation of the magnitude over shmbol time, then the average
magnitude per sample is always less than or equéd RMS value. This property results in
an ASQM value between zero and one. WHeDQM=1, then there is no signal corruption,
and the magnitude is constant. The minimum vafuASM=K ~°'? occurs when there is
only one nonzero sample. Generally all samplethefFM signal will have nearly constant
magnitude (with phase or frequency modulation)af@ood FM signal; otherwise, it is noise-
like. For convenience the ideABQM computation can be modified to avoid square raots
a more practical usage. An exponent value canhosen to accommodate the desired
threshold target of about 0.5. The modified pdthRSQM result behaves similarly to the

ideal.

8
K-1

z[Re{xk}mm{xk}Z]jz

ASQM =| -

K-1

K> Relx ) +Im{x }]

k=0

[00064] The ASQM samples are used by the antenna diversity swigchlgorithm. An
ASQM value greater than about 0.5 generally indicatgsaal signal quality, with a maximum
signal quality approaching JASQM values less than 0.5 are indicative of poor sigoality,
with the lowest quality approaching 0. Values aw0.5 are important to determine antenna
switching actions in the diversity switching algbm.

[00065] The aboveASQM computation is based on the ratio of the squatbemean,
to the mean of the squared values of the signalnmatge-squared. However since the
magnitude is positive and cannot have a zero ntban, theASQM cannot reach zero. An
exponent power of 8 can be used to suppress smaliges of theASQM. It can be shown
that although theASQM approaches one for an ideal uncorrupted FM sigmaie only
(AWGN) yields a value of one half to the exponeoivpr of 8.
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PROOF: letu andv bezero- meannormali.i.d.randomvariables

lim Cz:[uz +V2D2 (E{uz}+Efv}f

K=oy ETZl[uZ w7 " Efuf 2 o+ )
k=0

but E{uz} = E{VZ} =o? and E{u“} = E{v“} =2[o* (normal);

i f[uz +V2]j 2|2
Then im ("'ﬁl = E{u 4}
K- OOKEE[UZ+VZ]2 B’}

N

[00066] whereE is the expected value, andandv are Gaussian (normal) distributed
random variables.
[00067] A simple adjustment to the previoASQM expression extends the range from

zero to one, with a target threshold of 0.5.
2 8
K-1 ) 5
205 [Relx )" +imix )]

ASQM = S

KO (Rl +im{u |

-1

[00068] The number of samplds§in the estimation block has been chosen to span on
symbol, sdK=540 at the example sample rate (about 186 ksps).

[00069] FIG. 4 shows the ASQM value plotted as a functibrcarrier-to-noise-ratio
CNR (dB_Hz). A value of CNR=70 dB_Hz is roughlyet point at which typical FM
receivers will blend from stereo to mono to imprdlie output audio SNR or SINAD. At
low CNR, the ASQM value approaches zero, indicaagngon-viable FM signal. At high
CNR, the ASQM value approaches one. Because odlefgetion bandlimiting (for
interference reduction) and high modulation (e@0%) the upper limit for ASQM in this
plot is about 0.82. This predetection bandlimitiagyenerally considered beneficial to limit
digital-to-analog interference as well as adjacdmnnel interference, while maintaining a
high SINAD.

[00070] In another aspect, the invention encompasses a radeiver that includes an
input for receiving signals from one or more of larglity of antennas and a processor or

processing circuitry that performs the ASQM progegsdescribed above to produce an
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ASQM signal quality metric that can be used toced® input signal from one or more of the
antennas.
DIVERSITY CONTROL LOGIC
[00071] Diversity control logic uses the ASQM and DSQM-litecontrol the antenna

element selector. A functional block diagram afeaeiver 100 with diversity switching is
shown in FIG. 5. As in the embodiment of FIG. dceiver 100 includes multiple antenna
elements 12, 14, and 16 and employs antegleaent diversity, as well as adaptive
impedance matching functions. In one embodimengrdaenna element 12 can be an antenna
incorporated into an earbud wire; antenna elemérntah be a loop antenna; and element 16
represents one or more additional, optional annn&ithin an RF/IF processor 18, a first
antenna matching circuit 20 dynamically matchesrigedance of antenna element 12 to the
receiver, a second antenna matching circuit 22 mycaly matches the impedance of
antenna element 14 to the receiver, and optiordgitiadal antenna matching circuits 24 can
be used to dynamically match the impedance of atditianal antenna elements to the
receiver. While the antenna matching functionabtyhown in FIG. 5 as part of the RF/IF
processor, this functionality may be implementeatiner discrete components of a receiver
device such as an RF front end. Antenna eleméarttee 28 selects a signal from one of the
antenna elements based on an antenna elementitgivanstrol signal 30, and passes that
signal as an RF input 32 to RF tuner 34. Altensdyi, the antenna element selector can pass
on the sum or difference of the signals receivedhenvarious antenna elements. RF tuner
produces an IF signal 36, which is converted framal@g to digital and digitally down
converted by IF processor 38 to produce a basefigndl 40 at a rate of 744,187.5 complex
samples per second.

[00072] The baseband signal is received by baseband poycd€2. While the
baseband processor performs many functions, onbetfunctions relevant to this description
are shown. In FIG. 5, the baseband processdrowrs to include an analog signal quality
estimation 104, a digital signal quality estimati@06, and a received signal strength
indication estimation 108. These estimates aregased by AIM/Diversity control logic 110
to produce the antenna element diversity contgyaiand the (optional) adaptive impedance
matching control signal.

[00073] FIG. 6 is a simplified block diagram of a typicaMFreceiver 120 with

switched diversity. A diversity switch module 122used to couple at least one of a plurality
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of antenna elements 124, 126 and 128 to a recdi8@r The diversity switch module
includes a switch 132 that is controlled by a slwitontrol 134. A diversity control signal on
line 136 is provided to an amplifier 138 and a shi@d estimator 140 to control the switch
control. The phantom DC power in FIG. 6 is DC poapplied (multiplexed) onto the same
coax used to carry the signal(s). The DC powesé&l in the remote switch module.

[00074] FIG. 6 highlights the main components used for ity in an automobile
application. The diversity switch module is oflenated at the base of the rear window, and
wires embedded in the rear window serve as thenaatelements. This module switches
among two or more antenna elements. The moduernisected to the car radio receiver via
coax cable. The coax cable carries the RF sigoah the selected antenna element to the
radio receiver, as well as providing dc power fribra receiver to the diversity module, and a
control signal, typically the FM IF signal at 10MHz, from the receiver to the module.
These signals are typically multiplexed on the saoex cable using appropriate filters. The
diversity algorithm in the diversity switching mddumonitors the IF signal from the receiver,
and switches to the next antenna element wherighaldails to meet a quality threshold.

[00075] FIG. 7 is a simplified block diagram of an FM IBO@ceiver 150 with
switched diversity, as would be used for divergityan automobile application. A diversity
switch module 152 is used to couple at least one mitirality of antenna elements 154, 156
and 158 to a receiver 160. The diversity switctdale includes a switch 162 that is used to
couple at least one of the antenna elements tgeitwiver. The receiver produces signal
qguality metrics 164 that are used in diversity alhpons 166 to produce a switch control
signal on line 168. A switch control 170 in thenate switch module operates the switch in
response to the switch control signal.

[00076] Although the functional block diagram of FIG. 7ssnilar to a conventional
switched diversity system, the diversity contr@althm is now implemented in software in
the receiver baseband processor, and the divensitgh module is a simpler switch. The
metrics in the receiver are the ASQM and DSQM-kie previously described. The diversity
algorithms are new, as described herein. The Bwibnitrol is no longer the FM IF signal as
in the conventional diversity systems. However siagtch control signal could still be a
modulated control signal at the IF frequency, oy ather convenient means of signaling to

the remote switch module to switch to the next mmdeelement.
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[00077] FIG. 8 shows an alternative implementation of an IB@C diversity system
180. A diversity switch module 182 is used to deugt least one of a plurality of antenna
elements 184, 186 and 188 to a receiver 190. Mergity switch module includes a switch
192 that is used to couple at least one of thenaatelements to the receiver. The receiver
produces analog and digital quality metrics 194 #ra used in diversity algorithms 196 to
control a synthesized FM IF signal 198 that seages switch control signal on line 200. A
switching circuit 202 controls the switch in resperto the switch control signal.

[00078] FIG. 8 uses a previously existing switch moduleised for conventional FM
diversity systems. However, instead of returnihng EM IF signal back to the switching
module, it synthesizes its own “Proxy diversity ttohsignal” to control the switching action.
This Proxy diversity control signal is a synthedi#M IF signal which is generated to convey
the switching action required of the diversity alons in the previously existing diversity
switch module. For example, a simple proxy sigmalbrotocol would be to generate a
clean, unmodulated FM IF carrier when no switchimygesired; or generate a noise-like FM
IF signal when switching is required. The advaatafjthis proxy solution is that the existing
diversity switch modules can be used, provided @reypaired with a new receiver that can
process the digital signal quality metric describeckin (i.e., an FM IBOC receiver).

[00079] As shown in FIG. 8, multiple diversity antenna eéts are accommodated
with a multiposition switch ahead of the tuner’'s Rput. Separate antenna matching circuits
can also be included for each antenna element. erBity control can be provided by
algorithms in the baseband processor. These Higwirely on both analog and digital signal
guality metrics, ASQM and DSQM:-lite.

[00080] The DSQM-lite is a measure of the quality of thgitdi signal, and in one
embodiment is computed over blocks of 16 OFDM syislfabout 21 times per second).
The output value of the DSQM-lite is a number bemeero and 1, where 1 indicates a
perfect digital (audio) signal quality, and zerdigates that no useful signal exists. A value
of 0.5 is roughly the threshold where the digit@nal is decodable and useful for audio
output. When outputting the audio derived from thgital signal, the diversity switching
algorithm attempts to maximize the DSQM-lite value.

[00081] The ASQM is a measure of the quality of the analggal, and is computed at
the FM symbol rate (about 344 Hz). It is also gassto aggregate (average) the ASQM

values over a number of symbols to provide a mocerate, but slower metric. For example,

-20-



if the ASQM values are averaged in blocks of 1éntthe diversity algorithm would sample
both the analog and digital metrics at the same. rdthe output value of the ASQM is a
number between zero and 1, where 1 indicates &gieshalog (audio) signal quality, and
zero indicates that no useful signal exists. Aigailf 0.5 is about the threshold where a blend
between stereo and monophonic audio output woutdiroc When outputting the audio
derived from the FM analog signal, the diversityitshing algorithm attempts to maximize
the ASQM value.

[00082] In one example, the receiver uses blind diversitigching. The goal of the
blind diversity switching algorithm is to maximizke value of either the ASQM or DSQM-
lite, depending upon whether the audio output isvdd from the analog or digital signal.
The antenna switch dwells on a particular elemetit i fails to pass an adaptive threshold.
When this occurs, it blindly switches to an altéenantenna element, in a modulo sequence.
A threshold test is performed on the currently dtel@ element and the decision to switch is
made. The thresholds (or dwell time) are adaptiverevent excessive switching, as well as
preventing excessive dwell time on an element waithinferior signal.

[00083] A simple diversity algorithm for the analog FM sajris presented below.
When the Signal Quality Metric SQM (either ASQMDEQM-lite, whichever is appropriate
depending on whether the receiver is receivingmaRalog or digital signal) on the present
element Ke) falls below the threshold, then switch to the tn@xtenna element, modulo the
number of elements.

;"SIMPLEDIVERSITY ALGORITHM"

;" Initialize parameters
Ne - 2 ; thenumberof antennaelements
Thres -~ 05
ne - 0

while (loopforever)
ComputeSQM ., for selectecntennalemenne
if SOM . <Thres ; if signalfails, thenswitch tonextelement

thenne — modne+1, Ne)

[00084] The simple diversity algorithm uses a fixed SQM ettirold, which
corresponds to some acceptable level of performéuodio SNR or digital Bit Error Rate,
BER). This threshold may, or may not, be above dahalog stereo threshold, with the
understanding that FM stereo reception degradesuti® SNR by about 22 dB. If the signal
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on the present antenna element falls below thaskiwid, then another element is selected.
The switching sequence continues until the SQMafoelement exceeds the threshold. If this
threshold is set too low, then the switch could lthae a signal with poor audio quality, even
if another element has a very good signal. Comerg the threshold is set too high, and no
elements exceed the threshold, then the switch euwifitinually switch from element to
element, even if there is a signal available jugow the threshold. Excessive switching is
undesirable because it introduces noise into tltBoapath, and some diversity switching
techniques mute the audio signal very briefly afteawitch event. The coherent tracking in
the digital demodulator is adversely affected bytaving transients, typically resulting in
random phase steps at the switching instant. Téiegs result in higher bit decoding errors
which degrade the digital signal. Of course, shiitg is often necessary to avoid a faded
signal, or to find a better signal. So there isoapromise between frequent switching
(causing noise (analog) and bit errors (digitadidd infrequent switching (dwelling on an
inferior signal). The threshold can be made adeptd balance the goals of the diversity
switching. Modifications to the simple diversitigarithm that can be made with an adaptive
dwell time are described next.

;"DIVERSITY ALGORITHM WITH ADAPTIVE DWELL TIME"
;" Initialize parameters

Ne — 4 ; thenumberof antennalements

dwell —~ 0

forne — 0..Ne-1

M. ~ 1;"SQM isa vectorof signalquality vduesfor eachantennalement”

while (loopforever)

ComputeSQM , for selecte@ntennalemenne

fork=1.Ne-1
diff,; « SQM o = M oqrekne) 5 differencebetweerSQM for otherelements
diffmin —« min(diff) ; min differencan SQM from otherelements
if [(dwell > 256diffmin) 0(SQM . < Threshmin)] switchcriteria: Threshmin = 0.3,e.g.
ne — modne+1, Ne) . select the@extantennalement
dwell - 0 ;. resedwell

dwell — dwell +ma){0,0.8—SQM ne] ; increasewell weightedoy SQM degradatia (urgency

[00085] In the above algorithm, "select the next antenmaneht” connects the next
antenna element in a modulo sequence. The outpié aliversity algorithm is an indication
to switch to the next antenna element numiger Thenne can be output from software to a

hardware antenna switch to indicate which elemengalect. Equivalently, the algorithm
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could simply tell the hardware switch to incrememthe next antenna element (modnie)
and the actual modulo increment operation can e do the switch hardware. Tloevell
variable is compared to 256 timdgfmin to determine whether to switch antenna elements.
Whendiffmin is smaller, thedwell time needed before switching is smaller. Alsoglivs
adaptively increased as a function of the SQM (kedast line of the algorithm). This has
the effect of accelerating the increase dwell time when the signal quality is lower,
effectively making the switching action more urgeviien signal quality is poorer. Thus,
both a smaller difference in SQM between the culyeselected element and the other
elements, and a low SQM on the currently selectechent, hasten switching to a new
element. Also, if the SQM of the currently selecedement is less than any other element,
the algorithm will select a new element.

[00086] The above adaptive dwell diversity algorithm defiree new variableiwell,
and a new vector variabtéff. These variables allow the effective thresholihtyease to a
higher signal quality over the dwell time. THdf variable is a vector that measures the
difference inSQM between the selected antenna element and allitiee antenna elements.
Variablediffmin is the amount that tH8QM of the present antenna element exceed S{ih
of the highest other element. The strategy isttimsmaller this differenceliffmin), then the
sooner (more urgent) the algorithm would want teathon an alternate antenna element.
Conversely, ifdiffmin is large, then there is no urgency in checkingagrotentially better
antenna element. This difference is used to sba&alwell time, according to this sense of
“urgency” based on the probability that a bettdeana element may be available. Of course,
the algorithm would switch to the next antenna eemanyway if the selected antenna
element M failed to exceed a minimum thresholthreshmin (e.g. Threshmin=0.3),
indicating that the signal was not viable.

[00087] In an optional embodiment, the diversity algoritthogic then determines a
switching sequence that favors the best antenmaegle For example, one particular antenna
element may generally provide a better signal thtfwer elements or combinations, although
occasionally an alternate element or combinatiopreferred. In this case, the algorithm
would learn about the better element, and tenavorfthis element more frequently than the
other options in its not-quite-blind switching seque. In this manner, excessive switching
due to improbable combinations is avoided, and sh&tching sequence can adapt to

changing conditions based on recent history oéstanhd gradients.
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[00088] In another aspect, the invention encompasses aothaticluding: receiving a
radio signal on a plurality of antenna elementseneim the radio signal includes an analog
modulated portion and a digitally modulated portioomputing an analog signal quality metric
for the analog modulated portion of the receivetiaraignal; computing a digital signal quality
metric for the digital modulated portion of theea@d radio signal; and using either the analog
signal quality metric or the digital signal qualityetric to select one or more of the antenna
elements to be connected to a receiver input, wheareeaction time for selecting the antenna
elements based on the analog signal quality miststiorter than a reaction time for selecting
the antenna elements based on the digital sigradityjmetric. The analog and digital signal
guality metrics can be computed as described herein

[00089] In another aspect, the invention encompasses arapp including: a plurality
of antenna elements for receiving a radio signalerein the radio signal includes an analog
modulated portion and a digitally modulated portiarswitch for connecting one or more of the
antenna elements to an input of a receiver; andeepsor for computing an analog signal
quality metric for the analog modulated portiortle# received radio signal, computing a digital
signal quality metric for the digital modulated pon of the received radio signal, and using
either the analog signal quality metric or the tdigsignal quality metric to produce a switch
control signal for selecting one or more of theeanar elements to be connected to a receiver
input; wherein a reaction time for selecting théeana elements based on the analog signal
quality metric is shorter than a reaction time getecting the antenna elements based on the
digital signal quality metric. The analog and digisignal quality metrics can be computed
using a processor as described herein.

[00090] The FM HD Radio tuners described above include iplalantenna elements
and a multiposition switch to select one or mor¢hef antenna elements. Antenna switching
control is provided for controlling the diversitieenent switch position, as determined by the
diversity algorithm. The switching control usesligersity switching algorithm that can be
implemented in baseband processor firmware oriosh controller.

[00091] Typical portable receiver antenna elements incladesarbud-wire antenna,
and one or more internal loop or chip antennas. ltiMe elements should be oriented
orthogonally, and located in areas of the receiliat are least susceptible to EMI. Some
diversity antenna configurations (automotive) usenbinations of elements to offer more

diversity positions. The antenna switch can eitieexternal, or reside within the tuner chip,
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ahead of the low noise amplifier. DSQM-lite and A8Q@lgorithms can be implemented in
baseband processor firmware.

[00092] While the present invention has been describedermg of its preferred
embodiment, it will be understood by those skilledhe art that various modifications can be
made to the disclosed embodiment without depaftiogy the scope of the invention as set

forth in the claims.
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What is claimed is:
1. A method comprising:
receiving a radio signal including a digital portimodulated by a series
of symbols each including a plurality of samples;
computing correlation points between endpoint samm cyclic-prefix
regions of adjacent symbols; and
using the correlation points to produce a digitghal quality metric.
2. The method of claim 1, further comprising:
using the signal quality metric to select one oremantenna elements to
be connected to a receiver input.
3. The method of claim 1, wherein the radio signaludes upper and
lower sidebands and the step of computing coroglgibints comprises:
placing the endpoint samples for symbols receiwedthe upper and
lower sidebands in vectors;
frequency shifting the sideband vectors to ceim at 0 Hz;
lowpass filtering the vectors;
performing a conjugate multiply and fold operation the vectors to
produce correlation vector results for the upperlawer sidebands;
normalizing the correlation results to producenmalized correlation
results;
using the correlation vector results and the nbeed correlation results
to produce a quality value for the upper and losigebands; and
using the quality value for the upper and lowelebands to produce a
digital signal quality metric.
4. The method of claim 3, wherein the digital siggaality metric has a
value between 0 and 1.
5. The method of claim 1, wherein the correlatiomfs are computed for
6 endpoint samples in the symbols.
6. An apparatus comprising:
a radio receiver including an input for receivagadio signal having a

digital portion modulated by a series of symbobgheincluding a plurality of samples, and a
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processor for computing correlation points betwsamples in cyclic-prefix regions of the
symbols to produce a digital signal quality metric.

7. The apparatus of claim 6, further comprising:

a plurality of antenna elements for receivingrdmio signal; and
a switch for connecting one or more of the anteaelemnents to the
receiver input in response to the digital signalliqymetric.

8. The apparatus of claim 6, wherein the proceptares the endpoint
samples for symbols received on the upper and Isiebands in vectors; frequency shifts the
sideband vectors to center them at O Hz; lowpdtssfithe vectors; performs a conjugate
multiply and fold operation on the vectors to proglgorrelation vector results for the upper and
lower sidebands; normalizes the correlation regoltproduce normalized correlation results;
uses the correlation vector results and the nozexlcorrelation results to produce a quality
value for the upper and lower sidebands; and usegjtality value for the upper and lower
sidebands to produce a digital signal quality raetri

9. The apparatus of claim 8, wherein the digitghal quality metric has a
value between 0 and 1.

10. The apparatus of claim 8, wherein the cor@tapoints are computed
for 6 endpoint samples in the symbols.

11. A method comprising:

receiving a radio signal including an analog matkd portion;

digitally sampling an analog modulated portiontloé radio signal to
produce a plurality of samples;

using a ratio between an average magnitude afRM£h magnitude of a
block of the samples to compute an analog sigralltgumetric.

12. The method of claim 11, wherein the radio digogher includes a
digitally modulated portion and the block of sanspkpans about 1 OFDM symbol in the
digitally modulated portion.

13. The method of claim 12, wherein the analog aigjuality metric is
determined using samples from 16 symbols.

14. The method of claim 11, wherein the ratio ised to a powep such
that subsequent averaging of analog signal qualgtyic values over time is not biased from the

nominal threshold of about 0.5.
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15. The method of claim 14, wherein the value f 8.
16. The method of claim 11, wherein the analog a@igyquality metric
(ASQM) is calculated as:

8

2 SR e
Asom =| 45
K [Refi” +m{, ']

-1

wherex is thek™ sample of the block of samples, dnid sample index from O
to K-1.

17. The method of claim 11, wherein the analogaiguality metric has a
value in a range of 0 to 1.

18. An apparatus comprising:

a radio receiver including an input for receivangadio signal having an
analog modulated portion; and a processor foraligisampling the analog modulated portion
to produce a plurality of samples, and using @ flagitween an average magnitude and an RMS
magnitude of a block of the samples to computenatog signal quality metric.

19. The apparatus of claim 18, further comprising:

a plurality of antenna elements for receivingrémio signal; and

a switch for connecting one or more of the anteelenents to the
receiver input in response to the analog signditgumaetric.

20. The apparatus of claim 18, wherein the radjoadi further includes a
digitally modulated portion and the block of sanspkpans about 1 OFDM symbol in the
digitally modulated portion.

21. The apparatus of claim 20, wherein the analggak quality metric is
determined using samples from 16 symbols.

22. The apparatus of claim 18, wherein the rati@ised to a powegy such
that subsequent averaging of analog signal qualilyic values over time is not biased from the
nominal threshold of about 0.5.

23. The apparatus of claim 22, wherein the valyeis.

24. The apparatus of claim 18, wherein the analggak quality metric
(ASQM) is calculated as:
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wherex is thek™ sample of the block of samples, daid sample index from 0
toK-1.
25. The apparatus of claim 18, wherein the anafggakquality metric has a
value in a range of O to 1.
26. A method comprising:
receiving a radio signal on a plurality of antemb@ments, wherein the
radio signal includes an analog modulated portimhadigitally modulated portion;
computing an analog signal quality metric for thealag modulated
portion of the received radio signal;
computing a digital signal quality metric for thegithl modulated
portion of the received radio signal; and
using either the analog signal quality metric @ thgital signal quality
metric to select one or more of the antenna elesrtertie connected to a receiver input, wherein
a reaction time for selecting the antenna elemesgged on the analog signal quality metric is
shorter than a reaction time for selecting therardeslements based on the digital signal quality
metric.
27. An apparatus comprising:
a plurality of antenna elements for receiving @aaignal, wherein the
radio signal includes an analog modulated portimhadigitally modulated portion;
a switch for connecting one or more of the antezlaments to an input
of a receiver; and
a processor for computing an analog signal qualiyric for the analog
modulated portion of the received radio signal, potimg a digital signal quality metric for the
digital modulated portion of the received radionsily and using either the analog signal quality
metric or the digital signal quality metric to pram a switch control signal for selecting one or
more of the antenna elements to be connected ¢oesver input; wherein a reaction time for
selecting the antenna elements based on the asmogl quality metric is shorter than a

reaction time for selecting the antenna elemergsdan the digital signal quality metric.
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