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Abstract—In this paper, signal-to-noise ratio SNR) gain is XMIT Oy RECV
used to resolve the limits of circuit chip area and power H n 1 I 1
consumption in multiple antenna systems. Multiple antennas
promise greatly increased capacity, but increase chip area and l
power consumption due to multiple RF front ends and additional X %} H—y ** - o, >y

resources to process multiple streams. However, trading capagit I I

for diversity gain decreases theSNR required for similar data

rates as a single antenna system. For analog circuits, theNR M o N

gain relaxes noise requirements, making viable both inductorless

and reduced power consumption circuits. For example, simula- Fig. 1. Block Diagram of Baseband Model

tions of a inductorless low noise amplifier (LNA) show a 3 dB

increase in noise figure but threefold decrease in area when

compared with a conventional narrowband LNA. Similarly, a from diversity. It also includes a link budget analysis that
narrowband LNA has a slightly higher noise figure when oper- gi0ys for a lower transmit power or relaxed receiver noise
ated at half its original power consumption. For digital circuits, . . L . .

the lowered complexity of high diversity systems decreases thef'gure_ requ|reme_nt when tHeNR ggm ',S applied. Sectlon I
size and power consumption of the digital processor. describes techniques to reduce circuit area, while Sedttion

explores technigues to reduce circuit DC power consumption

l. INTRODE’CT'ON _ Il. THE SYSTEM MODEL AND PERFORMANCEMEASURES
Although the demand for wireless data rates continues t0rhe wireless channel is shown in Fig. 1 and modeled as

grow, the amount of available bandwidth cannot easily be
increased to accommodate this desire. Arrays of multiple y = Hx +n. (1)

antennas at the transmitter and receiver promise a gre:\altp(e input datax is a M x 1 vector of the signal on each of

i . 4 o . "fhe M transmit antennas. Tha x M matrix H models the
bandwidth. Going from a single transmit, single receive an-

tenna { x 1) to a four transmit, four receive antenng 4) wireless channel as a block-fading Rayleigh channel with un

system potentially quadruples the achievable data rate. correlated entries;; specifying the fading coefficient between

) . . Fhe ith transmit andjth receive antenna. Uncorrelated entries
A consequence of using multiple antennas is that an analo

transceiver front end is required for each antenna. Pudiaudp are a good model for the rich scattering indoor environment
. oo Prowded the number of antennas is not very large. The
analog front end on a separate chip would be prohibitive

) . Coefficients are constant for each data block, but are inde-
costly, especially as the number of antennas continues 10

) . . .~ pendent between blocks. At each of thereceive antennas,
increase. Integration of the parallel RF chains onto a elnq? ; : . .
: ; . . _dndependent, circularly-symmetric complex Gaussian evhit
chip becomes the only cost-effective solution, but the lsing_ . . '
. . noise n is added to form theV x 1 received vectoly. The
chip solution alone does not reduce the amount of area Ol owi s . ; .
. e : f{) lowing analysis is for a single OFDM frequency bin which
power required. In addition, approaching the data capacity : T
) . . .. IS narrow enough to use the flat fading approximation.
of either single or multiple antenna systems places sityilar
large demands on the digital processing circuitry. Powerfu )
coding techniques such as turbo codes require long blocksPefUncoded Bit Error Rate Performance
data, with correspondingly large memory and computational Any data rate smaller than the channel capacity [2] can
resources. These costs can be significantly reduced by¢radbe transmitted with arbitrarily low probability of error ing
off the system capacity for area and power savings. large block sizes and computationally intensive procesdin
Using the Wireless Gigabit LAN (WIGLAN) framework computational or memory resources are scarce, then coding
outlined in [1], the rest of the paper is organized as followshe data streams becomes difficult. For comparison, the erro
Section Il presents a model for the wireless system andparformance of uncoded bit streams requiring minimal com-

bit error rate (BER) simulation to quantify th€NR gain putation and memory, is examined.



x is chosen from a 64-QAM constellation for this analysis,
although typically the constellation size is adjusted Hase
channel conditions. For maximum diversity, each symbol is
repetition coded over the parallel channels and the totakpo
of x’ is normalized to be the same as At the receiver,
decoding is performed via maximal ratio combining (MRC).
Fig. 2 shows the simulated BER \&NR foral x 1 and a
4 x 4 system using 64-QAM. Th8NR is plotted asF,/N,,
whereFE, is the average energy of the transmitted constellation
points, andN, is the variance of the complex Gaussian noise.
Note that the slope of the BER curve for the< 4 system
is much steeper than for thex 1 system, which is a result
of the higher diversity gain. Thus, tH&NR gain for a4 x 4
system over d x 1 system depends on the desired error rate,
and increases without bound for very low error rates.
Assuming a packet size of 1000 bits, a BERI6f® corre-
Fig. 2. BER for al x 1 vs.4 x 4 system for a 64-QAM input constellation Sponds to approximate|y 1% packet errors. For this targR'BE
the difference inSNR between thel x 1 and4 x 4 systems
) ~is 40 dB. Uncoded systems are not typically operated at such
In an uncoded system, the focus is not on capacity by error rates due to excessi#&/R requirements. However,
diversity, or how quickly the BER falls with respect $\NR. he high diversity results iSNR gains large enough to allow
Although there are many ways to achieve diversity, onlye possible use of an uncoded system, with significant gavin
spatial diversity will be considered in this work. Due to the, computational complexity and memory requirements. Even
block fading model, time diversity requires interleavirfglata it the the wireless environment is not able to support the
across many packets, increasing memory and delay requigesximum degrees of freedom, much of th&3éR gain can

ments. Frequency diversity uses up valuable bandwidth By pe achieved by a lower diversity system.
coding across subcarriers. Spatial diversity requirestiaddl

hardware, but as will be discussed, this cost can be mingmize

For anM x N system in a Rayleigh-fading environment, thé. Link Budget
maximum diversity achievable IB{JA\g}Vwmch_means_the UN- The link budget details the gains, losses and noise contribu
coded BER is proportional tSNR ™. Maximum diversity ;s yithin a communication system, allowing the designer
reduces the achievable data rate to that ebal system, but 1, ymmarize their impact on the over8INR. It also allows
it requires very little added complexity at the transmi@@d o gesigner to trade off the performance of one aspect of
receiver. With multiple antennnas, even an uncoded systgm, system versus another given an ovealR requirement.
can significantly reduce the requiréNR through diversity \yith 5 jowerSNR requirement, more noise power is tolerated
gains. Although only maximum diversity is considered here k- 5 fixed signal strength. Alternatively, less signal poiee
illustrate the potentiabNR gains, the diversity-multiplexing noeqeq for a fixed noise power. For wireless circuit designer
tradeoff [3] allows most of the gains from diversity withoUyis ransiates to a smaller RF output power from the power
sacrificing as much capacity as a maximum diversity systeQ,yjifier (PA) at the transmitter, or a low noise amplifier

The diversity gain can be viewed as a low complexity na) with a relaxed noise figure required at the receiver
mechanism foiSNR gain that would otherwise require COM-ny ¢ | owering the output power of the PA not only reduces
putationally intensive coding. This allows different @it oyer consumption, but also increases linearity due togbein
architectures to be used for minimizing power or area, onbobpie 1o operate farther from saturation. Furthermore, dis wi
The low complexity of the diversity system also reduces thg, geveloped in Sections Il and IV, designers could exploit
number of digital circuits required to process the signals. he rejaxed noise figure requirement to eliminate physicall

In the WIGLAN architecture, knowledge of the channel ig, g6 inductors to save chip area, or reduce bias currents to
available at both the transmitter and the receiver due to thgcrease power consumption. Area and power savings also
use of time division duplexing, allowing the singular valugjse for digital circuits as a result of lower computatiorda
decomposition (SVD) to be used. With the SVD, the Chan”ﬁ{emory requirements for an uncoded system.
matrix can be decomposed & — UXVT, resulting in  papie | shows a sample link budget forlac 1 and ad x 4
min(M, N) parallel channels system with the symbol rate equal to the bandwidth so that
) the outputSNR, = E,/N,. The transmit powelPr is fixed

at 100 mwW (20 dBm), the path loss exponentnis= 3,

with x' = VTx, y’ = UTy, andn’ = U"n. The scalar input corresponding to a channel without line of sight, &MR;

Bit Error Rate

yI — zx/ + n/’



TABLE |
LINK BUDGET FOR A1 X 1 NARROWBAND AND THE PROPOSED} X 4
SYSTEM FOR UNCODED64-QAM AT 10~° BER

Dual Metal-Insulator-Metal
Capacitor, 1 pF (10.8)

FEE

Determine Receive Power

total TX power Py (dBm) 20 Polysilicon Resistor,
Path loss @ 10 m (dB) 76.84 1009 (3.6)
avg RX power/antPr (dBm) | -56.84 I Bipolar Transistor, Ae = 3.05 sq um (1)
Determine Max RX Noise Figure
N; * W (dBm) -92.24 I NMOS Transistor, W/L = 200/0.54 (1.3)
%N;{]\Z] (dlB>)< :1 I(;RB/)(NZ‘ w) 3651.339 Octagonal Spiral Inductor, 1 nH (333)
S o .
Es/N, 4 x 4 (dB) 21.3 . . . . . )
RX NF (dB) 1 x 1 -25.91 Fig. 4. Sizes of typical on-chip components (in parenthessajive to the
RX NF (dB) 4 x 4 14.09 bipolar transistor

is at the input to the receiver front end. As the electronidgont end per antenna includes an LNA, image reject filter,
degradeSNR; with added noise, the outp8iNR,, in dB is mixer and buffer. Each front end, however, shares the local
oscillator (LO), bias circuits, and filter tuning circuifBhough

SNR, = SNR; — NF, this architecture reuses many circuits, on-chip implemgors
where NF is the noise figure of the electronics, whicHor each front end still consume significant chip area.
captures the circuit noise contribution into a single numbe As stated in Section II-B, the LNA dominates the noise
that represents the effective lossIiNR. While each part of figure of the receiver chain. Noise figure is therefore one
the receiver also has its owN F, the overall receiveV F is of the biggest constraints on LNA design. A well-designed
dominated by its first component, which is typically the LNAbipolar narrowband LNA will have a noise figure under 2 dB,
The required noise figures are calculated assuming an udcobigt requires significant chip area due to the usage of on-chip
64-QAM constellation at 10 m with a BER af0—®. The inductors. For example, a single-ended narrowband cascode
E,/N, for each system is taken from Fig. 2. The final result isNA uses three inductors, two for input matching and one
that the requiredVF at 10 m is14.09 dB for a4 x 4 system, for output matching and filtering. Furthermore, for mukipl
and —25.91 dB for a1 x 1 system. Note that the negativeantenna systems, isolation between the front ends becomes
NF of the 1 x 1 system impliesSNR, > SNR;, which is critical to maintaining the independence necessary for MRC
not achievable in a realizable system. Given the relaxesenof differential design becomes necessary, thus contrigu2i
figure requirement for the x 4 system, the designer is ableinductors to the four receiver system (six per LNA).

decrease area or DC power consumption. Although decreasing feature sizes of each generation ef pro
cess technology allow digital circuits to shrink, on-chaspive
[1l. REDUCING CIRCUIT AREA components do not scale with technology. Fig. 4 compares the

Achieving spatial diversity in multiple antenna systems r&hiP area required for different types of components, sized
quires an individual receiver per antenna, suggestingdhigt t© typical values for a 5 GHz LNA fabricated in a standard
area increases proportionally with the number of antenn&sl8 #m SiGe BICMOS. Clearly, inductors will dominate
Thus, for example, a four antenna receiver consumes fdJf LNA area. Depending on their values, capacitors can
times the area of a one antenna receiver. As area transl@§Q 0CCUPY a significant fraction of the area. In comparison
directly to chip fabrication cost, larger die area resuittgiver ansistors and resistors are relatively small and occupgim
chips per wafer. However, only the front ends need be ind&SS aréa. Therefore, an area-efficient design approaciceed

pendent. As shown in Fig. 3 for the WiIGLAN receiver, eacie use of inductors (and to a lesser extent capacitors) in
multiple front ends on-chip.

- . Considering thel x 4 case from Table |, and assuming that
cHIP__| | Rx Eront End 2 the receiver noise figure is dominated by the LNA, a margin
of about 12 dB exists for the narrowband LNA described
P RxFrontEnd 1] Rx Front End 2 = —IF 2 RF?iﬂ:'Fz previously. Some of this margin is traded off if the narromtha
o —— — v LNA is replaced W|th an mdyctorless_ amplifier. The prpposed
VREF— roeruTed | design uses resistors, which contribute thermal noise, and
. U) requires a buffer for output matching. Since it does not irequ
inductors, however, significant chip area is saved.
| | To quantify the comparison, LNAs were designed for the

WIGLAN system with both approaches and are described
Fig. 3. WIGLAN integrated parallel receiver front ends in [1]. While the inductorless LNA has a simulated noise
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20 while the noise figure rises. Reducifguntil the gain drops to
0 dB raisesV F' to 3.8 dB. However, circuit designers normally
keep gain above 10 dB to ensure that there is sufficient LNA
gain to dominate the noise performance of the receiver. At
10 dB gain, the LNA operates at half the power with a only
a slight increase in noise figure.

For the digital processor, the power dissipated per CMOS
transistor is [6]

115

110

Noise Figure (dB)
Power Gain (dB)

P = fVi,CL @)

where f is the switching frequencyy,, is the power rail, and
C, is the load capacitance. The reduced complexity of the high
diversity system requires much less computation per packet
Less computation lowers power consumption due to a reduced
switching frequency. Since the required voltage is prapoat
Noise figure (solid) and LNA power gain (dashed) vashiurrent to the switching frequency, reducing the frequency permits
a lower V4, which further reduces power consumption [6].
Thus, the reduced complexity of the diversity system can
figure 3 dB higher than the narrowband approach, it occupiggeatly reduce the power consumption of the digital promess
roughly one-third the area. By incorporating the indu@ssl py reducing the number of transistors, their operating fre-
LNA into the design of four receiver front ends on a singlguency, and the system voltage.
chip, a simulated noise figure of 8.8 dB and an estimated area
of 4 mn? resulted. Since this is less than the allowable noise V. CONCLUSIONS

figure, the excess margin can reduce the transmit power by aultiple antenna systems have potential for large data
factor of three. This approach has about a 3 dB higher noisgpacity, but the parallel circuitry required for the amplo
figure but only 1.5 times larger area than a single receivgpnt ends and increased demands on the digital processor
front end with narrowband circuits. Using these ideas, & t@%n become prohibitively expensive due to increased aréa an
chip has been fabricated and is currently under test. power requirements. Trading off the capacity of the mugtipl
Comparing the sizes of an analog front end to a digitahtenna system for higher diversity reduces the requifeR,

processor shows that the digital processor often takes upaféwing a relaxed circuit noise requirement on the analog
least as much space as the analog components [4]. Digiaht ends. This leads to savings in power or area or both
circuits do not haveSNR constraints, but they also benefiln the analog circuits. In addition, the emphasis on ditersi
from the diversitySNR gain. An example of a turbo decodergain rather than coding greatly reduces the requirements on
chip is presented in [5], with a labeled die photo showingd thgomputation and memory resources, similarly reducing the

memory occupies half of the chip area. The high diversity sysjze and power consumption of the digital processor.
tem decodes by MRC and thus requires far less memory and

computation. Less memory and a simpler processor trasslate ACKNOWLEDGMENTS
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IV. REDUCING CIRCUIT POWER
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