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Abstract—A new type of smart antenna array receiver with the total number of RF channels required\Vis Therefore, the
adaptive beamforming is proposed. The novel system offers a hardware expense and power consumption of such a system
drastic reduction in hardware requirements for the smart antenna is approximatelyN times those in a single antenna system.
system through the use of a new Spatial Multlplexing of Local . . ; .
Elements (SMILE) scheme. In this scheme, a single element of the Furthgrmorg, arrays with multllple. feeq lines and complicated
array is sequentially connected to signal processing circuitry in RF Circuits introduce more circuit noise and thus are more
order to sample the incoming modulated carrier. The sampling difficult to integrate into a small area. These are the major
rate is higher than the signal bandwidth so that the information hyrdles for extensive deployment of smart antenna systems in
of the original signal can be fully restored in the post stages using wireless terminals.

low-pass filters. This system offers anV times reduction in RF M fforts h b ied out t d th titi
hardware for an NN-element array. A four-element prototype aly oS nave DEEn CAITIEd OUL 1O TedUCe he TEpettive

is built. System principles, SNR, advantages, and hardware, Us€ of RF hardware in the past. One approach is presented by
including a new type of array feed network, are discussed. The loading reactive components to each antenna element to control

system performance is validated through a link test with digitally  the individual signal phase before combining [7]. The drawback
modulated data. of this approach is that the signal phase and magnitude infor-
Index Terms—Digital beamforming (DBF), smart antenna, mation is lost after combining, and therefore advanced vector
Spatial Multlplexing of Local Elements (SMILE), spatial signal processing capability is not possible. In [8], the authors
multiplexing. also propose a space-hopping scheme to reduce the number of
RF channels to one. However, the approach is based on the
|. INTRODUCTION alignment of the sliced data symbols into the same bit period.
. - . Thus, the application is limited in certain environments since
MART_an_tennas with d|g_|Fa_1I beamforming (DBF) hav ot all of th(fr(;riginal signal information is retained. Addition-
evolgtlomzed the cgpablhnes Of. _anten_na arrays. Ear ly, the complicated timing control unit and variable delay lines
DBF prOJect§ were.motwated by r_mhtary Interests, Wherﬁ ced at the antennas are hard to realize in practice.
no-compromise designs were possible at great expense fn this paper, we propose a new receiving smart antenna

[2] Howeveri,(W|t\r/1vE'r£|l/IV|ng rteg:;::ln Iow-cosr,lt ywrgless .Ioca(le ray utilizing a novel Spatial Multlplexing of Local Elements
area networks ( s), the approach s investigat MILE) technique in conjunction with DBF. The basic objec-

for use in simple high-volume applications where resilien ; ;
. . ; : e of the SMILE approach is to reduce the required number
to interference and high user density are desired. The D PP 1S Y gu !

microwave phase shifters and attenuators for each elem ivalent to sampling the modulated carrier using sequential

Second, the signal processing c_apability, §u<_:h as adaptb ses. The spatially sampled signals from different elements
beamforming of analog systems, is usually limited [3]. For e then multiplexed to form a single feed line output, in a

high 'Fhroughput system, hybrid analog—digital beamformirwa similar to the time division multiple addressing (TDMA)
techmque; have bee_n used o succes_sfully demqnstrate ?da@éﬁéeme in communications. Proceeding amplification and
beamformmg, adaptive nulling, and |mproyed S|gnal-to-|nteaown conversion, the signal is demultiplexed at either an IF or
ference ratio [4]-[6]. However, there are still many challengqg th

inth tical imol tati f hiah-perf DBE e baseband to recover the original signal from each antenna
N the practicalimplementation ot high-periormance arrdyath. By applying low-pass filters after the demultiplexer, the
systems. First, modern array signal processing is usually p

fgnals are fully restored without loss of information based on
formed on the IF or baseband signals. It requires that the sigﬂ‘?‘i y

. : . Nyquist sampling law. Hence, the restored signals from
amplitude and phase information be conveyed properly from Itiple antenna paths can be sampled and processed in the
the antennas to the post stages or vice versa. Consequem ftal domain for beamforming
in conventional array receivers, an independent RF channe '

: ded f h ant | ¢ Fonael ¢ he SMILE technique greatly reduces the need for RF
IS needed for each antenna element. FonagIement aray, |, qyare. The proposed system achieves the functionality of

a fully populated smart antenna system with a fraction of the
Manuscript received March 14, 2002; revised August 19, 2002. hardware requirements. Compared toMrelement traditional
The authors are with the Electrical Engineering Department and thgnart antenna array, the proposed system offersVaiold
Microwave Electronics Laboratory, University of California, Los Angeles, CA duction in RE h d, . It th | d h
90095 USA (e-mail: jfredrick@ieee.org). reduction in ardware requirements. It thus also reduces the

Digital Object Identifier 10.1109/TMTT.2002.805150 power dissipation and circuit size. Due to the reduction in RF
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Fig. 1. SMILE system block diagram. 1+

circuit complexity, the use of the SMILE technique will becom¢ o = o o - - - e 4.

more prevalent as array dimension and functional requiremel Time, psec

increase. However, sampling in a microwave network is

challenging since switching among different antenna elemeftg 2. Digital sequence switch timing diagram.

will introduce a change in impedance matching characteristics.

Therefore, the feed network for real-time multiplexing has to

be designed carefully. s L
In this paper, the system block diagram is first described

along with the operating principals of the system. Receiver o - |

SNR, sampling rate, and noise figure performance are ther

discussed in detail. An antenna array integrated with a p-i-n , Y .

diode multiplexing feed network is illustrated as a key building T / n ﬂ\.\ : ]

block of the system. Measured data are then given to validateg - v e Width=2r

the performance of the feed network and multiplexing function. g-tor 3 1

After that, the complete system is placed in a test bed for £ ﬂ “‘ ;

performance assessment. Measurements are made to veri _,| /| ™ i SR

the SMILE system’s ability to maintain the vector signal N

information of each channel. A DBF algorithm is then used to ! Lo L \

demonstrate the adaptive beam scan capability of the systen 2o \\_ ! ! 3

Finally, a simple link test is carried out for digitally modulated / . L

! 1

i 1 1 1 il L LI L 1 1 1 1 L L It 1 1 1
data, based on which comparisons between the results with an -2s™—1—————L b bl Llb b L L.

f -
c'sc sc sc sc sc scs © Csc scsc sc sc sc s

without DBF are made. Frequency
(@)

itude,
T

Il. SYSTEM PRINCIPLES

The system consists of an antenna array with an integrat
multiplexing network, a digital sequence generator, a sing ;

RF channel including low-noise amplifier (LNA), mixer, ~°f /” e
and analog demultiplexer, low-pass filters, analog-to-digit& J \
(A/D) sampling circuitry, and digital signal processor (DSP) _io} ﬂ ” i

The block diagram of the SMILE system is shown in Fig. 1 o p,ﬂ\ ! 1

The multiplexing network is driven by the digital sequenc% ik
generator so that th& channels of signal fromV antenna BN i ik | s
elements are sequentially multiplexed to form a single-chanr [/ || - / ‘
RF output. The switch-driving waveform is shown in Fig. 2 ! L L \
Considering a signal from one of the elements with carrier fre _,| | (I ] L
quencyf. and modulation bandwidt®, the multiplexing acts i L " j \
as a sampling process with rectangular pulses. The shape of ! P! P! i

L I do L I B I L T IS TISN Y N Y

power spectrum due to the sampling is illustrated in Fig. 3(a 25 7i_ e, s -4, -af, -2 - o f 2 3 4 5 6 7
which is a repetition of the modulation spectrum centered Frequency
the carrier frequency. The envelope of the repetition follows a (b)

. 2 . .

sinc(z)” and the width of the main lobe of the envelopejs;. rig 3. (a) Modulated carrier and sidebands. (b) Baseband spectrums with

These parameters are determined from the Fourier transfasmpass filter.
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of a sampling pulse of width,. The spacing between repeated Thus, the SNR of the incoming signal at each antenna element
spectra is due to periodic samplingjat= 1/7. For an array is given by
with N elementsf; = 1/Ts = 1/N,. To avoid the aliasing )
effects (overlapping of the modulation spectrum), the minimum SNRyp. = <r_m> @)
switching rate is determined by the Nyquist sampling theory, single = | "~ ’
which is given by "

For maximum ratio combining, coefficients of equal magni-
fs=DBxN. (1) tude

Therefore, the signal bandwidth received by this system is also Uy = I (5)

limited by the switching speed of the device. are applied to each channel’s signal to achieve the desired radi-

After the multiplexing, the single-channel RF output is . P 9 !

iy ation pattern. Therefore, the SNR for Ahelement array is
amplified and down converted to baseband or an IF depending

upon mixer configuration. The analog demultiplexer, driven 2

>

by the same sequence generator, is then used to separate the T (?ON)Z

signal from different channels. Assuming a zero IF frequencySNR,;;ay = m;l =3 = N x SNRipgte- (6)
the down converted signal has a shifted spectrum as shown in > /\N/m NN

Fig. 3(b). To restore the original modulation information, a m=1

low-pass filter can be used to reconstruct the continuous signalrhus, it is clear that the diversity gain of the SMILE receiver
from the samples. The cutoff frequengy,s of the filters is ;g equivalent to that of a DBF smart antenna.
selected to allow the basic modulation frequency components

to pass. It should be B. Internal Loss Components and Noise Figure

@) The above SNR analysis is based on an ideal noiseless
receiver assumption. However, due to the design goals of the

The passband of the low-pass filter is outlined in Fig. 3(b). Th%M”‘I? receiver, an LNA is not the first component in the
ignal’s path after the antenna element, thus noise figure is of

signal is then digitized by the analog/digital converters (ADCSIZ. . 4 i
The beamforming is carried out in digital domain. If the syste pncem. Each channel has approximately 1.3 dB of insertion

is configured as a heterodyne down converter, then a bandpI S hefore the .LNA’ inqluding the p-i-n_ dier and metal loss.
s value contributes directly to the noise figure of the system

filter is needed and the final conversion to baseband may be d . .
in the digital domain. The spectral efficiency of the modulatioﬁnd therefore puts an added strain on the system LNA. With

used must be considered when selecting the sampling rate gHEent 'prociess tectr)mlologg,Sit éséfaiq% comm(:rrll o ;SedléNA}s
filter cutoff. A spectrally inefficient modulation scheme, sucl)fv't_ né)_lse |guris he owl > db Wi fm(r)]re . anl 0
as binary phase-shift keying (BPSK) without pulse shaping, w gin. Since each channe recelVB&V of the signal power,

consume more bandwidth in practice than the data rate sugge .LNA gain requwemept Is increased bylog, V t(.) retain
comparable signal amplitude at the output of the mixer.

B/2< flpf< fs —B/2

A. SNR

One of the goals of the SMILE system is to achieve the same
SNR and interference suppression performance as traditiofialAntenna Array and Feed Network
DBF arrays without the substantial hardware costs. SamplingA four-element array is used in the current system implemen-
affects the spectrum of both the received signal and noise. Whation. The antenna element in this array is the quasi-Yagi an-
the envelope of the signal is sampled, the noise and signal speana proposed in [10]. This antenna element is well suited for
trums both spread according to the Fourier transform of the saanray applications, with wide bandwidth, 9@lat pattern, and
pling function, as illustrated in Fig. 3. The signal and noise arautual coupling below-20 dB. A photograph of the array is
then down converted and passed through the low-pass filtessown in Fig. 4. The circuit is fabricated on RT/Duroid 6010.2
Assuming that the antenna has a bandwidth matched to thesebstrates, = 10.2, with a thickness of 50 ml, and is uniplanar
ceived signal, the in-band SNR has remained constant; howewedesign. Array element spacing is half a free space wavelength
the in-band signal energy has been reduced by a factdf?of at 5.8 GHz. In the photo, the p-i-n diodes are located just be-
compared to that of the conventional array. neath the radial bias stubs of each element. A dc bias return is
A simple analysis of the antenna diversity gain is carried olgcated near the SMA connector. The switch driver circuit is
here. In basic combining techniques, noise in each channel isimplemented with 74AC series CMOS logic such as a counter,
dependent of the signal and is additive [9]. Without considerirecoder, and inverters.
fading and multipath, the incoming signal from incident angle The new SMILE technigue used in this design necessitates a

I1l. HARDWARE IMPLEMENTATION

6 can be represented as new type of array feed network. Since array phasing is impor-
N tant, a parallel feed network is integrated with the antenna array.
T = T eRdmcosd (3) However, as each element is switched on and off, the loading of

N the antenna to the feed network changes fron§230 an open
and the received noise as,,. circuit. A schematic of the feed network used is shown in Fig. 5.
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A N Z, z z z, UI Z, isolation is obtainable with reverse bias at the expense of com-
plicating the switch driver circuit.
It should be noted that special care must be taken when
° switching the p-i-n diodes rapidly with digital pulses due to
Fig.5. Schematic of the always matched feed network. the large amount of charge stored in theegion of the diode
[11]. A residual tail, due to this stored charge, on the falling

In the figure, the switch reference plane is the location at whic@?ge of the pulse will allow the switch to remain on the outside

f S : its time slot. The result of having two switches on at the
the loading change occurs. The T-like junctions shown are not . . Lo .
same time is twofold. Primarily, data may become distorted

traditional T-junctions. In this case, all three transmission liné : ; ; ; . )
L . ue to two phases being received in a single time slot. This

have a characteristic impedance of 8 The network is de- . S .
issue becomes a significant source of error as the sampling

signed to always be matched to S0at its input when exactly eed is increased to accommodate higher bit rates. Secondly,

one antenna element is active. In order to achieve this goal, e . :
length of the feed lines is tuned in order to bring the open circyjt. two antenna elements are switched on simultaneously,
9 9 P e impedance matching discussed earlier is adversely affected.

impedance presented by the switch to the edge of the transrrljﬁi-s error manifests itself at all array angles and may be seen

sion line junction. Thus, the_ open circuit does not_ Ioad_tr_le fe?rﬁjthe demultiplexed data as distorted sample edges. However
network. By carefully selecting the length of feed lines, itis alst e error becomes most detrimental when the adjacent samplé
possible to minimize the mutual coupling between the array e

: . . at is corrupting is nearly out of phase. In this case, the signal
ements since only one element is on each time.

To test the performance of the feed network, aconnectorizeraergles subtract, thereby reducing the amplitude of a single

circuit is assembled with p-i-n diode switches. Each chann%fannzlr'tial solution to this problem is a shunt resistor in
is connected to an Agilent 8510C network analyzer. MeasuredA partie : . p . T .
S-parameters of each channel are shown in Fig. 6. Each parallel with the p-i-n diodes’ driver circuit to help drain the

in . .
dividual channel has a bandwidth of more than 200 MHz fé:rhargg to grgund. A more thorough SOIUt.'On currently be”.‘g
. . ) investigated is the use of a low-noise switch such as a high
a voltage standing-wave ratio (VSWR) of less than 2:1. Th o ; o
. . electron-mobility transistor (HEMT) or FET. The transistor’s
delay of the feed network poses a return loss bandwidth limita- ; : ; -
. ate terminal, having less capacitance and requiring no dc
tion to the system. Thus, for the feed network presented her& &\ : . : .

. ) : current, would present an easier load to drive with CMOS logic.
potential symbol rate of approximately 100 Mb/s is allowed. In-
sertion loss of each channel is approximately 1.7 dB, includin )

0.4 dB from two SMA connectors and 0.6 dB from the p-i-fe- Analog Demultiplexer

diode. The insertion phase of each channel was verified to bdn order to demultiplex each antenna element’s signal, the
equal. The p-i-n diodes used in this design are Agilent Tectiewnconverted signal is passed through an analog demulti-
nologies’ beam-lead diodes, HPND-4005, and have an off-statexer. Even though a digital domain implementation of the
(zero dc bias) isolation of 15 dB. Simulations in Agilent ADSlemultiplexer is possible, the use of an analog demultiplexer
indicate that a static phase error results from adjacent chanfugther reduces hardware requirements on the ADCs and DSP.
leakage at 15 dB below the on-state channel. This error varlas[12], a digital demultiplexer is implemented in MATLAB
with the array’s deviation from boresite and active element, withith a digital sampling oscilloscope acting as an ADC on the
several zeros and maxima betweérad 90. This error may multiplexed channel. In the case of a digital demultiplexer,

be compensated for in DSP since it is static in nature. Additiorthe ADC must have a very high bandwidth to accurately

3 3
2 2

NC
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capture the sharp phase discontinuities which occur at large

array angles. With an analog demultiplexer, each channel os
signal passes through a low-pass filter before being sample$ of
Therefore, ADC bandwidth is greatly reduced. In this work ar
Analog Devices ADG-704 4 channel demultiplexer with a 3 dB
bandwidth of 200 MHz and negligible loss and dc consumptiol ™
is used. The ADG-704 operates from the same CMOS count 2
signal that drives the p-i-n diode switches to ensure low jitter.

IV. DATA RECOVERY AND BEAMFORMING RESULTS

Volts

A test bed is set up to evaluate system performance. Fi
digital domain processing, a digital sampling oscilloscope i
used in place of ADCs and the sampled data is transferre
to a PC through a GPIB card for further signal processing il
the MATLAB environment. A block diagram of the SMILE
receiver test bed is shown in Fig. 7. Tmegses * *

(b)

A. Single-Tone Test and DBF

A single-tone test was performed first to evaluate the SMILE
system’s ability to correctly retain array element phasing
through sampling and down conversion. The local oscillato
(LO) was set at 5.799 25 GHz and RF at 5.8 GHz, providing
750-kHz IF, thereby eliminating the need for in-phase/quadré
ture (IQ) demodulators in preliminary tests. Data were recorde ol
at B intervals over+45°. After receiving the signal, each 10 " 12 13 [ 15 16
of the four channels of data that were recovered from signi osf
processing are shown in Fig. 8 for the array rotated-i®°, 0
0°, and —30°. The original data samples are shown alon¢ ..
with the envelope. A constant phase front is drawn in eac 1 1 12 S 15 16
figure to indicate phase progression through the four channel o3
This test demonstrates the receiver’s ability to correctly retaig o
array element phasing through sampling and down conversio -os
The data in Fig. 8(a) have a smaller amplitude than the oth¢ ™ " 2 Timo.asec " ' 10
data sets. This error is due to interchannel interference which ©
is caused by the p-i-n diodes not turning off fully before the
adjacent channel goes on. This results in contamination of ffig 8 Recovered multichannel baseband data for array a: 18}, (b) 0",
data in each channel. Certain array angles are more suscepﬁB?e(c)_w'
to this error than others. Other sources of error are physical

Volts

Vol

Volts

array position and jitter in the sampling circuit. At angles Once each channel’'s data has been recovered, the data are
beyond+45°, additional signal attenuation occurs due to thesed to form the antenna pattern through the use of DBF.
antenna elements’ directive radiation pattern. The DBF process allows the antenna’s radiation pattern to be
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scanned over a wide range of angles without the use of t
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associated expensive RF hardware. Complex weighting coe
cients are multiplied with each channel’'s data to synthesize t
pattern at the desired position. Beamforming results for the né o
SMILE antenna array are shown in Fig. 9, which plots the bea
pattern steered te-20°, 0°, and+20°. However, the peak of
the antenna pattern fer20° is slightly shifted. As mentioned
above, it is due to the asymmetrical phase errors caused
the finite switching speed and leakage of the p-i-n diodes. Tl
antenna can be used for a scan range as far348. Beyond
that, the edge effects and mutual coupling of the array degre
the antenna pattern.

_05 L L L I L L L L !
0

Volts

B. Digital Modulation and Data Recovery

20

1 L 1 L

30 35 40 45

-0.5

Once the function of the SMILE system was verified witt
the continuous wave (CW) test, a digital modulation test was
performed to verify the system could correctly receive and d&9- 11. Recovered digital data, shown before and after DBF.
modulate digitally modulated data. An RF carrier of 5.8 GHz
modulated with a 200-kb/s unfiltered BPSK pseudorandom bi-
nary sequence was used to test the SMILE system’s ability to re-
ceive and correctly demodulate digital signals. The LO was setA new type of smart antenna receiver array using a new
at 5.799 25 GHz, providing a 750-kHz offset to the RF, theretlMILE scheme, single RF channel, and DBF capabilities
eliminating the need for IQ demodulators in preliminary testhas been proposed. This new type of system architecture
Final demodulation of the data was performed in the MATLABoOasts a significant reduction in RF hardware on board while
environment. Higher data rates are achievable by using quadraintaining plug-and-play compatibility with standard smart
ture mixers and then even further by using faster switching daatennas. The majority of hardware found on most smart
vices. antenna systems, such as analog, RF, and digital, is eliminated

After the DBF algorithm has been applied, the BPSK datarough the sampling of the envelope of the received signal
may be demodulated. In order to see the benefits of DBF, theeach antenna element. The multiplexed RF signal is then
data was demodulated both before and after DBF. In Fig. 10, th@ewnconverted, demultiplexed, filtered, and then digitized to
array is rotated te-30° and each channel is demodulated indibe processed at lower speeds. The maximum signal bandwidth
vidually before DBF. It is clear that, while a binary sequencéae system can receive is limited by the sampling rate of the
is visible, the channels have no coherence. In Fig. 11, the wxisting switch device and antenna feed network.
weighted sum of the four demodulated channels (upper frame)A four-element receiver array was prototyped to illustrate the
is compared to the DBF pattern (lower frame). A significantinrew architecture. The prototype included a new kind of feed
provement in signal definition is visible and the binary sequenoetwork that is always matched during the antenna switching se-
may be determined with little uncertainty. quence. The performance of the feed network and p-i-n diodes

I
25
Time, psec

o

50

V. CONCLUSION
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switches is validated through experiment. It is shown that tl Yuanxun Wang (S'96-M'99) was born in Hubei,
SNR and interference suppression is equivalent to a stand gzgﬁ’c;?eﬁgﬁeﬁneg ][;Crﬁ';’ﬁgutgse?s-% o??sg&iicg
smart antenna. Finally, the sampled, downconverted signal and Technology of China (USTC), Hefei, China, in
used for DBF in the MATLAB environment and a BPSK mod 1993, and the M.S. and Ph.D. degrees in electrical
ulated carried is successfully demodulated and the DBF al¢

engineering from The University of Texas at Austin,
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rithms show significant improvement in signal clarity.
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