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Wireless Channel is Very Different!

O Wireless channel “feels” very different from a wired channel.
O Not a point-to-point link
O Variable capacity, errors, delays
a Capacity is shared with interferers

Q Characteristics of the channel appear to change randomly with time, which makes it
difficult to design reliable systems with guaranteed performance.

/T<
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O Cellular model vs reality:

(a) (b)
Part (\af: an m-'o.rai_m]l)liﬁe(l view  Part (b): a more realistic case where base
in which each cell is hexagonal. stations are irregularly placed and cell phones

choose the best ])cl*-\(‘ station

Cellular system designs are interference-limited, i.e. the interference dominates the noise floor
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Basic lIdeas: Path Loss, Shadowing, Fading

O Variable decay of signal due to environment, multipaths,
mobility

Path Loss Alone
.......... Shadowing and Path Loss

K (dB) %™~ . .
. Multipath, Shadowing, and Path Loss

(dB)

|-

Figure 2.10: Contours of Constant Received Power.
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Attenuation, Dispersion Effects: ISI!

Distance —>»
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Wireless Multipath Channel

Channel Quality

i

= Time

Channel varies at two spatial scales:
* Large scale fading: path loss, shadowing
* Small scale fading:
Multi-path fading (frequency selectivity, coherence b/w, ~500kHz),

Doppler (time-selectivity, coherence time, ~2.5ms)
Shivkumar Kalyanaraman
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MultiPath Interference: Constructive &
Destructive

| 1 1 1 | 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time (nanoseconds)

2l — () = X,(1) + X, (1) |

| | | | | | | T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time (nanoseconds)

i The difference between constructive interference (top) and destructive interference (bottom) at
fe = 2.5 GHz is less than 0.1 nanoseconds in phase, which corresponds to about 3 cm. araman
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Mobile Wireless Channel w/ Multipath

Direction of travel
>

/ / stop sign

deep fades

Fast Fading (Multipath)
Slow Fading (Shadowing) & .
Path Loss i Wi
= { >
D ~ 2km D ~ 5km time
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O We wish to understand how physical parameters such as

Q carrier frequency
0O mobile speed

Q bandwidth

Q delay spread

Q angular spread

impact how a wireless channel behaves from the
and communication system point of view.

O We start with deterministic physical model and progress
towards statistical models, which are more useful for design

Game plan

and performance evaluation.

Rensselaer Polytechnic Institute
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arge-scale Fading:

Path Loss, Shadowing
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arge-scale fading: Cell-Site Planning

0 In free space, received power attenuates like 1/r2.

O With reflections and obstructions, can attenuate even more
rapidly with distance. Detailed modelling complicated.

O Time constants associated with variations are very long as the
mobile moves, many seconds or minutes.

O More important for cell site planning, less for communication
system design.

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Path Loss Modeling

O Maxwell’s equations
0 Complex and impractical

a Free space path loss model
aToo simple

0 Ray tracing models
A Requires site-specific information

a Empirical Models
A Don’t always generalize to other environments

a Simplified power falloff models
d Main characteristics: good for high-level analysis

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Free-Space-Propagation

O If oscillating field at transmitter, it produces three components:
0O The electrostatic and inductive fields that decay as 1/d? or 1/d3
0 The EM radiation field that decays as 1/d (power decays as 1/d?)

Shivkumar Kalyanaraman
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Electric (Far) Field & Transfer Function

O Tx: a sinusoid: cos 2rft

0 Electric Field: source antenna g+ (1. 9. )) — 2el@ 1) cos2m/ (= ¢)
. | -

gain (as) |

o (b, 1, f)cos2m f(t — %)
a Product of antenna gains (o) ~ Fr(/-1 1) = r

a Consider the function H(f) = -
(transfer function)
0 The electric field is now: |E.(f.t.u) = R [H(f)e*/"].

Linearity 1s a good assumption, but time-invariance

lost when Tx, Rx or environment in motion

Rensselaer OTyTCTTIIIC TITSTITUTC

kumar Kalyanaraman
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Free-space and received fields: Path Loss

1 m I'm

_ PG EIRP BT w2
4nd?  4nd? 120w

o

(a)
(power flux density P)

Note: Electric Field (E) decays as 1/r, but
Power (P,) decays as 1/7°

P [VGA)
. P, — =
Path Loss indB: p,d8= 101(:.;;,-103* dB. D, [ drd ] '
/G 1s the product of the transmit and receive antenna field radiation patterns in the LOS direction.
Shivkumar Kalyanaraman
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Decibels: dB, dBm, dBI

0 dB (Decibel) = 10 log ,, (Pr/Pt)
Log-ratio of two signal levels. Named after Alexander Graham Bell. For example, a cable has
6 dB loss or an amplifier has 15 dB of gain. System gains and losses can be added/subtracted,
especially when changes are in several orders of magnitude.

0 dBm (dB milliwatt)
Relative to ImW, 1.e. 0 dBm is 1 mW (milliWatt). Small signals are -ve (e.g. -83dBm).

Typical 802.11b WLAN cards have +15 dBm (32mW) of output power. They also spec a -83
dBm RX sensitivity (minimum RX signal level required for 11Mbps reception).

For example, 125 mW is 21 dBm and 250 mW is 24 dBm. (commonly used numbers)

0 dBi (dB isotropic) for EIRP (Effective Isotropic Radiated Power)

The gain a given antenna has over a theoretical isotropic (point source) antenna. The gain of
microwave antennas (above 1 GHz) is generally given in dBi.

0 dBd (dB dipole)
The gain an antenna has over a dipole antenna at the same frequency. A dipole antenna is the
smallest, least gain practical antenna that can be made. A dipole antenna has 2.14 dB gain
over a 0 dBi isotropic antenna. Thus, a simple dipole antenna has a gain of 2.14 dBi1 or 0 dBd
and 1s used as a standard for calibration.

The term dBd (or sometimes just called dB) generally is used to describe antenna gain for
antennas that operate under 1GHz (1000Mhz).

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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dB calculations: Effective Isotropic Radiated Power
(EIRP)

a EIRP (Effect Isotropic Radiated Power): effective power found
in the main lobe of transmitter antenna.

a EIRP = PG,
0 In dB, EIRP 1s equal to sum of the antenna gain, Gt (in dB1)
plus the power, Pt (in dBm) into that antenna.

O For example, a 12 dB1 gain antenna fed directly with 15 dBm
of power has an Effective Isotropic Radiated Power (EIRP) of:

12 dB1+ 15dBm =27 dBm (500 mW).

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Path Loss (Example 1): Carrier Frequency

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

. ~

-t 7

o*
.
A

mmals W Lthm the cell recerve a minimum power ot 10 ;+W. How does this change 1f the system ﬁr;'qurenc:jr 1s 5 GHz?

Solution: We must find the transmit power such that the termunals at the cell boundary receive the minimum
required power. We obtain a formula for the required transmit power by mverting (2.7) to obtain:

Ard 2
P=P | —
* [m\]

Substituting in G; = 1 (nondirectional antennas), A = ¢/f, = .33 m, d = 10 m, and P, = 10pW yields P, =
1.45W = 1.61 dBW (Recall that P Watts equals 10logo[F] dbW, dB relative to one Watt, and 10 log [ #/.001]
dBm, dB relative to one milliwatt). At 5 GHz only A = .06 changes, so /7, = 43.9 vz 16.42 dBW.

O Note: effect of frequency f: 900 Mhz vs 5 Ghz.

0 Either the receiver must have greater sensitivity or the
sender must pour 44W of power, even for 10m cell radius!

Shivkumar Kalyanaraman
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Path Loss (Example 2), Interference & Cell Sizing

Example 3.1 Consider a user in the downlink of a cellular syvstem, where the desired base station is at a
distance of 500 meters, and there are numerous nearby interfering base stations tfransmitting at the same
power level. If there are 3 interfering base stations at a distance of 1 km, 3 at a distance of 2 km, and 10 at
a distance of 4 km, use the empirical path loss formula to find the signal-to-interference ratio (SIR, i.e. the

noise is neglected) when o« = 3, and then when o« = b,

O Desired signal power: = P,_.;Pﬂrig [[],5_\1_3.

O Interf : . .
nterference power P, = PPy [3(1)_3_ L 3(2)-3 4 10(4)_3} |

P,
o SIR: SIR(a = 3) = =% — 9895 = 14.5dB.
r.d

SIR(av=5)=99.3 =20dB,

O SIR is much better with higher path loss exponent (o = 5)!

O Higher path loss, smaller cells => lower interference, higher SIR
Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Path Loss: Range vs Bandwidth Tradeoff

O Frequencies < 1 GHz are often referred to as “beachfront” spectrum. Why?

O 1. High frequency RF electronics have traditionally been harder to design and
manufacture, and hence more expensive. [less so nowadays]|

QO 2. Pathloss increases ~ O(f.?)

O A signal at 3.5 GHz (one of WiMAX’s candidate frequencies) will be received
with about 20 times less power than at 800 MHz (a popular cellular frequency).

O Effective path loss exponent also increases at higher frequencies, due to
increased absorption and attenuation of high frequency signals

Q Tradeoff:
0 Bandwidth at higher carrier frequencies is more plentiful and less expensive.
A Does not support large transmission ranges.
a (also increases problems for mobility/Doppler effects etc)

O WIMAX Choice:
O Pick any two out of three: high data rate, high range, low cost.

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Ray Tracing

O Models all signal components
Q Reflections
O Scattering
Q Diffraction

O Diffraction: signal “bends around” an object in its path to the receiver:

O Diffraction Path loss exceeding 100 dB

O Error of the ray tracing approximation is smallest when the receiver is
many wavelengths from the nearest scatterer, and all the scatterers are
large relative to a wavelength and fairly smooth.

O Good match w/ empirical data in rural areas, along city streets (Tx/Rx
close to ground), LAN with adjusted diffraction coefficients

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Reflection, Diffraction, Scattering

/< 0, €. . O
0

!
|
|
|
|
I 77T 7777777

.' €2, Uz, O3
¢

i
Reflection/Refraction: large objects (>>A) Scattering: small objects, rough

surfaces (<A): foilage, lamposts,
street signs

h,

, 0 900Mhz: A ~ 30 cm
| 4 a 2.4Ghz: A~ 13.9 cm
AT T T HTTTITIT @ 5.8Ghz: A ~5.75 cm

Diffraction/Shadowing: “bending” around sharp edges, .
Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Classical 2-ray Ground Bounce model

T (transmitter)

E; s Eror=Epos + E,

R (receiver)

ST S S

I d —¥
b [AVG % [4rhsh, Qp  [VGihih, Qp
"7 4nd Ad S e ;

P, dBm = P, dBm + 10logo(Gy) 4 201ogq(hehy.) — 401ogyg(d).
smvkuinar Kalyanaraman
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2-ray model observations

A The electric field flips in sign canceling the LOS field,
and hence the path loss is O(d?) rather than O(d-).

a The frequency effect disappears!

3 Similar phenomenon with antenna arrays.
a Near-field, far-field detail explored in next slide:
a Used for cell-design

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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-ray model: distance effect, critical distance

Q d < h,: constructive 1/T
Q h,<d <d_. constructive
and destructive /T

(multipath fading upto
critical distance)

Q d.<d: only destructive
interference

f}.c = 4hy h.r;f’/\_._

O Piecewise linear

approximation w/ slopes
0, -20 dB/decade, -40
dB/decade

Rensselaer Polytechnic Institute

f =900MHz, R=-1, iy = 50m, h, = 2m, G; =1, G, = 1

Two-ray model, received signal power, G=1
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Received Power versus Distance for Two-Ray Model.
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-ray model example, cell design

Example 2.2: Determine the critical distance for the two-ray model in an urban microcell (h; = 10m, /i, = 3 m)
and an indoor microcell (A = 3 m. i, = 2 m) for f. = 2 GHz.

Solution: d. = 4hih, /A = 8(}(] meters fm the urban microcell aﬂd 160 meters 'f01 the indoor system. A cell
radius of 800 m in an urban titicrocell- SV ‘stem is a bit large: urban ]lllCIOG.‘EHS--TOdaV are on the order of 100 m to
maintain large capacity. However, if we used a cell size of 800 m under these system parameters, signal power
would fall off as d? inside the cell. and interference from neighboring cells would fall off as d*, and thus would be
greatly reduced. Similarly, 160 m 1s quite large for the cell radius of an indoor system, as there would typically be
many walls the signal would have to go through for an indoor cell radius of that size. So an indoor system would
typically have a smaller cell radius, on the order of 10-20 m.

0 Design the cell size to be < critical distance to get O(d-%) power
decay in cell and O(d4) outside!

Q Cell radn are typically much smaller than critical distance

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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10-Ray Model: Urban Microcells

O Ground and 1-3 wall reflections
0 Falloff with distance squared (d2)!
0 Dominance of the multipath rays which decay as d 2, ...

Q ... over the combination of the LOS and ground-reflected
rays (the two-ray model), which decays as d .

Q Empirical studies: d7, where y lies anywhere between two and
S1X

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Simplified Path Loss Model

O Used when path loss dominated by reflections.

O Most important parameter is the path loss exponent v,
determined empirically.

L
P=PK|l=2|, 2<y<8

Q Cell design impact: If the radius of a cell is reduced by half
when the propagation path loss exponent 1s 4, the transmit
power level of a base station 1s reduced by 12dB (=10 log 16
dB).

O Costs: More base stations, frequent handoffs
Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Typical large-scale path loss

Path Loss Exponents for Different Environments

Environment Path Loss Exponent, n
Free space 2
Urban area cellular radio 2.71t0 3.5
Shadowed urban cellular radio 3tos
In building line-of-sight l.6to 1.8
Obstructed in building 4106
Obstructed in factories 203

Rensselaer Polytechnic Institute

Environment v range
Urban macrocells 3.7-6.5
Urban microcells 2.7-3.5

Office Building (same floor) 1.6-3.5

Office Building (multiple floors) 2-6

Store 1.8-2.2
Factory 1.6-3.3
Home 3

Shivkumar Kalyanaraman
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Empirical Models

O Okumura model
O Empirically based (site/freq specific)
O Awkward (uses graphs)

0 Hata model
QO Analytical approximation to Okumura model

O Cost 136 Model:
0 Extends Hata model to higher frequency (2 GHz)

O Walfish/Bertoni:
a Cost 136 extension to include diffraction from rooftops

Commonly used in cellular system simulations

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Empirical Model: Eg: Lee Model

Lee’s Model on a Log-Log scale

P~ dBm . "
A
3 | ¢
I
g ||
] ol 2
! 3 g
: I
: I kﬂ'l -
>
1 10 d 2l
Standard Deviation : 7 to 10 dB L
d distance In miles From the transmiting antenna)
Rensselaer Polytechnic Institute Shivkumar Kalyanaraman

30 Google : “shiv rpi”



Empirical Path Loss: Okamura, Hata, COST231

O Empirical models include effects of path loss, shadowing and multipath.

O Multipath effects are averaged over several wavelengths: local mean
attenuation (LMA)

0O Empirical path loss for a given environment is the average of LMA at a
distance d over all measurements

0 Okamura: based upon Tokyo measurements. 1-100 Im, 150-1500MHz,
base station heights (30-100m), median attenuation over free-space-loss, 10-
14dB standard deviation.

Pr(d) dB = L(f..d)+ Apu(fe.d) = G(he) = G(hy) — Garea

O Hata: closed form version of Okamura

Pprban(d) dB = 69.55+26.16 1og,0(f.) — 13.8210g,0(he) — a(hy) 4+ (44.9 — 6.55log o (he)) logo(d). (2.31)

O COST 231: Extensions to 2 GHz
PrL urban(d)dB = 46.3433.910gy( fo) —13.8210g, o (he) —a(h, ) +(44.9—6.55 logy o (he)) logyo (d)+Car, (2.34)

| Rensselaer Polytechnic Institute Di1VAULLIal Dalydlldlatiladll |
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Indoor Models

0 900 MHz: 10-20dB attenuation for 1-
floor, 6-10dB/floor for next few floors
(and frequency dependent)

Q Partition loss each time depending upton
material (see table)

Q Outdoor-to-indoor: building penetration
loss (8-20 dB), decreases by 1.4dB/floor
for higher floors. (reduced clutter)

O Windows: 6dB less loss than walls (if

not lead lined)
Partition Type Partition Loss in dB
Cloth Partition 1.4
Double Plasterboard Wall 3.4
Foil Insulation 3.9
Concrete wall 13
Aluminum Siding 204
All Metal 26
Rensselaer Polytechnic Institute \r Kalyanaraman
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Path Loss Models: Summary

O Path loss models simplify Maxwell’s equations
O Models vary in complexity and accuracy

0 Power falloff with distance is proportional to d? in free
space, d* in two path model

O General ray tracing computationally complex

O Empirical models used in 2G/3G/Wimax simulations

O Main characteristics of path loss captured in simple model
P =P K[d,/d]"

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Shadowing

d,\
D= PPy (?) |

YO PP

Figure 3.3: Shadowing can cause large deviations from path loss predictions.

O Log-normal model for shadowing r.v. (y)

Rensselaer Polytechnic Institute
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Shadowing: Measured large-scale path loss
All Measurement Locations  _ 4
140
o PABldg.
o Stuttgart |,
130 H ¢ Dusseldorf | o
* Bank Bldg. | ©
o Kronberg |9
+ Homburg |eo
120 |
. T
% { ! ‘g 3¢
—~ 110fF ¢ 1 Y
]
3 [ i 'a
-
£ 100 F .
o)
a
90
80 i i n=2.7 .
! | c=11.8dB
70 .;..;1111;1 P P S e P | L1 1 11
0.1 1 z 34 10
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Figure 4.17 Scatter plot of measured data and corresponding MMSE path loss model for many
Rensselaer Polyicities in Germany. For this data, » = 2.7 and ¢ = 11.8 dB [from [Sei91] © IEEE]. anaraman
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LLog-Normal Shadowing

O Assumption: shadowing is dominated by the attenuation from
blocking objects.

O Attenuation of for depth d-:
s(d)=e

(a. attenuation constant).

O Many objects:
S(dt) = o X di — e —odt ’

d, = d;1s the sum of the random object depths

O Cental Limit Theorem (CLT): ad, = log s(d,) ~ N(u, o).
a log s(d,) 1s therefore log-normal

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Area versus Distance Coverage model
with Shadowing model

Pr[Pr(r) > 7]

1R . ¥ ; : : ; 095
: 0.9
0.95} T 085
0.8
= 0.75
S 0.85- . B . . . . .
o . 0.7
2 :
€ os8r - : _ : T
73] 0.65
w
% 0.75+ . . . R - . B
" : 06
8 o7t
2
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2 o0s5f
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o} ;
(0] 0.6} o R S . . . T 05
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4.18 Family of curves relating fraction of total area with signal above threshold, U(y) as
»n of probability of signal above threshold on the cell boundary.

Figure 2.10: Contours of Constant Received Power.
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Outage Probability w/ Shadowing

Prin — (P +101ogs K — 10y ](trg'm[:d;’dg)])

Tipap

P(Pr(ﬁr) = R?liﬂ-) — I (L)

Example 2.5:
Find the outage probability at 150 m for a channel based on the combined path loss and shadowing mod-
els of Examples 2.3 and 2.4, assuming a transmit power of /4 = 10 dBm and minimum power requirement

Pin = —110.5 dBm.

Solution We have I’; = 10 mW = 10 dBm.

Pout(—110.5dBm, 150m) = p(FP(150m) < —110.5dBm)
s (Pmm — (P4 10logy K — 10~ lngm(djdg))>
Tan
- 1-0 —110.5 — (10 — 31.54 — 37.11og,,[150])
3.65
= .0121.

An outage probabilities of 1% is a typical target in wireless system designs.

O Need to improve receiver sensitivity (1.e. reduce Pmin) for better coverage.

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Shadowing: Modulation Design

Consider a WiMAX base station (BS) communicating to a subscriber, with the channel parameters «« =
3, P, = —40dB, do = 1m, 05 = 6dB. We assume a transmit power of Py = 1 Watt (30 dBm), a bandwidth
of B = 10 MHz and due to rate 1 /2 convolutional codes, a received SNR of 14.7 dB is required for 160AM,
while just 3 dB is required for BPSK*. Finally, we consider only ambient noise with a typical power spectral
density of N, = —173dBm/Hz, with an additional receiver noise figure of Ny = 5dB°.

The question is this: At a distance of 500 meters from the base station, what is the likelihood that the BS
can reliably send BPSK or 16 QAM?

Q Simple path loss/shadowing model: | p, — p,p,, (d—F )a
(

Q Find Pr: PF.(dB) = 10logg P: + 10logq P, — 101og g d™ + 101ogq x
= 30dBm — 40dB — 81dB + x(dB) = —91dBm + x (dB)
O Find Noise power:
Iiot(dB) = N,+ Nf+10log,; B
= —1734+5dB+70=-98dBm 4,

Rensselaer Polytechnic Institute
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Shadowing: Modulation Design (Contd)

O SINR: v = —91dBm + y(dB) + 98dBm = 7dB + y(dB).

Q Without shadowing (y = 0), BPSK works 100%, 16QAM fails all the time.
Q With shadowing (6 = 6dB):

BPSK: 16 QAM
N > = "{—I_T‘“}E y i 147
= P[l = —i] wg g
%6 T 6 = Q(—)=.007
4 6
= Q(—5) =0.7

O 75% of users can use BPSK modulation and hence get a PHY data rate of
10 MHz - 1 bit/symbol -1/2 = 5 Mbps

O Less than 1% of users can reliably use 16QAM (4 bits/symbol) for a more
desirable data rate of 20 Mbps.

O Interestingly for BPSK, w/o shadowing, we had 100%; and 16QAM: 0%!

Shivkumar Kalyanaraman
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Rayleigh/Ricean Models,
Multipath & Doppler

Rensselaer Polytechnic Institute

Small-Scale Fading:

Shivkumar Kalyanaraman
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Small-scale Multipath fading: System Design

O Wireless communication typically happens at very high carrier
frequency. (eg. f, =900 MHz or 1.9 GHz for cellular)

O Multipath fading due to constructive and destructive
interference of the transmitted waves.

O Channel varies when mobile moves a distance of the order of
the carrier wavelength. This 1s about 0.3 m for 900 Mhz
cellular.

Q For vehicular speeds, this translates to channel variation of the
order of 100 Hz.

Q Primary driver behind wireless communication system design.

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Fading: Small Scale vs Large Scale
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Source #1: Single-Tap Channel: Rayleigh Dist’n

Q Path loss, shadowing => average signal power loss
0 Fading around this average.
O Subtract out average => fading modeled as a zero-mean random process

O Narrowband Fading channel: Each symbol is long in time

O The channel h(t) 1s assumed to be uncorrelated across symbols => single
“tap” 1n time domain.

0 Fading w/ many scatterers: Central Limit Theorem

O In-phase (cosine) and quadrature (sine) components of the snapshot r(0),
denoted as r; (0) and ry(0) are independent Gaussian random variables.

0 Envelope Amplitude: || = \/r] + 13 is Rayleigh,
O Received Power: 7| = 7] + 17, is exponentially distributed.

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Source #2: Multipaths: Power-Delay Profile

Base Station (BS)

Channel Impulse Response:
Channel amplitude |h| correlated at delays t.
Each “tap” value @ kTs Rayleigh distributed

(actually the sum of several sub-paths)

Rensselaer Polytechnic Institute

hg

path-1
path-2
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Eg: Power Delay Profile (WLAN/Iindoor)

Rens:

10
©
U o
0
7 l‘i
T 0f | "l RMS Delay Spread = 46.40 ns
o
5
a Maximum Excess Delay < 10 dB = 84 ns
o 10 R
>
0
H Threshold Level = -20 dB
12
f; -20 A MY A o -—
N v WL W AT W WA
0
E [ Mean Excess Delay = 45.05 ns
0
Z
-30 1 I ] 1 ] L ] ! ] I
-50 0 50 100 150 200 250 300 350 400 450

Figure 5.10 Example of an indoor power delay profile; rms delay spread, mean excess delay,

Excess Delay (ns)

maximum excess delay (10 dB), and threshold level are shown.

46

aman

Google : “shiv rpi”



Multipath: Time-Dispersion => Frequency Selectivity

O The impulse response of the channel is correlated in the time-domain (sum of “echoes”)
O Manifests as a power-delay profile, dispersion in channel autocorrelation function A(Ar)
O Equivalent to “selectivity” or “deep fades” in the frequency domain
O Delay spread: t ~ 50ns (indoor) — 1 us (outdoor/cellular).
0 Coherence Bandwidth: Be = 500kHz (outdoor/cellular) — 20MHz (indoor)
O Implications: High data rate: symbol smears onto the adjacent ones (ISI).
4 " Multipath
A‘T(AT} ‘H(f)‘ BU (o 57_;115 effects
- -
~ O(1lps)
—)
» AT > f

TRMS

the shape of the multipath intensity profile A, (A7) determines the

~ correlation pattern of the channel frequency response (bottom)
Keénss€lacr rolytecnnic Insutute e
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Rensselae:

Source #3: Doppler: Non-Stationary Impulse

Response.

A

h(r,t) :
h(r,t + A1) Set of multipaths
changes ~ O(5 ms)
)
ho
hy
hD hO h»l.
hv_lh hyrooo h h
\?\C\y » T =3 & VG_]- Cy ='T
Ts 2Ts - VT Ts 275 - s VT yanaraman
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Doppler: Dispersion (Frequency) => Time-Selectivity

O The doppler power spectrum shows dispersion/flatness ~ doppler spread (100-200 Hz for
vehicular speeds)

O Equivalent to “selectivity” or “deep fades” in the time domain correlation envelope.

O Each envelope point in time-domain is drawn from Rayleigh distribution. But because of
Doppler, it is not I1ID, but correlated for a time period ~ Tc (correlation time).

O Doppler Spread: Ds ~ 100 Hz (vehicular speeds @ 1GHz)
O Coherence Time: Tc = 2.5-5ms.

O Implications: A deep fade on a tone can persist for 2.5-5 ms! Closed-loop estimation is valid
only for 2.5-5 ms.

p(af] ol

Rayleigh 1

.~
i

Distribution T T
N — ~ o

}&f : » L

fc fD fc, fr.:‘|‘fD

Figure 3.18: The shape of the Doppler power spectrum p;(A f) determines the correlation envelope of

the channel in time (top).
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Fading Summary: Time-Varying Channel Impulse Response

A

h(r,t
(r,t) h(rt 4 A
)
h2 -
hi
hg
hy_1
by LN
» T P = 6—=% gy
Ts 2T VT P VT

Figure 3.12: The delay 7 corresponds to how /long the channel impulse response lasts. The channel is time
varying. so the channel impulse response is also a function of time, i.e. h(7, ), and can be quite different at
fime ¢t + At than it was at time t.

O #1: At each tap, channel gain |h| is a Rayleigh distributed .v.. The random process 1s not IID.

O #2: Response spreads out in the time-domain (1), leading to inter-symbol interference and deep
fades in the frequency domain: “frequency-selectivity” caused by multi-path fading

O #3: Response completely vanish (deep fade) for certain values of t: “Time-selectivity” caused
by doppler effects (frequency-domain dispersion/spreading)

Rensselaer Polytechnic Institute
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A A
h(T,t Selective in
( ’ ) [H(S, 1) frequency
Dispersive in
time
)
>T »f
A F Y
h(T,t) Selective in [H(f,t)]
time
Dispersive in
frequency
B
! '
s :
» 1 ‘ s f
Figure 3.19: The dispersion—selectivity duality: Dispersion in time causes frequency selectivity, while dis-
persion in frequency causes time selectivity.
Rensselaer Polytechnic Institute Shivkumar Kalyanal‘aman
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Dispersion-Selectivity Duality (Contd)

Fy
pt(Af) h)t
i
E:ils};:ritlji]:ion Te = %
\_/ - ~ -
: A ! t
fc fD fc fr.:‘|‘fD f >
A A
AT(J"‘_\T) ‘H(f)‘ BC ~ 5?_1:'”5
N
—
'. » AT > f
TRMS

Figure 3.18: The shape of the Doppler power spectrum p;(Af) determines the correlation envelope of

Ren  the channel in time (top). Similarly. the shape of the multipath intensity profile A, (A7) determines the

correlation pattern of the channel frequency response (bottom)




Fading: Jargon

Q Flat fading: no multipath ISI effects.
a Eg: narrowband, indoors

a Frequency-selective fading: multipath ISI effects.
a Eg: broadband, outdoor.

2 Slow fading: no doppler effects.
a Eg: indoor Wifi home networking

0 Fast Fading: doppler effects, time-selective channel
a Eg: cellular, vehicular

a Broadband cellular + vehicular => Fast + frequency-selective

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Single-Tap, Narrowband Flat Fading.

Rensselaer Polytechnic Institute

Fading: Detalls

Shivkumar Kalyanaraman
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Normal Vector R.V, Rayleigh, Chi-Squared

fx(X)

1 Exponential

v

/_ ______ / Rayleigh
0.606 Uniform
' /
N L\
b-a | |
| | |
0 o a b X

The rayleigh, exponential, and uniform pdf ’s.

X =[X,, ..., X ]is Normal random vector
|1X|| 1s Rayleigh { eg: magnitude of a complex gaussian channel X, +jX, }
1X]|? is Chi-Squared w/ n-degrees of freedom
When n = 2, chi-squared becomes exponential. {eg: power in
complex gaussian channel: sum of squares...}

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Rayleigh, Ricean, Nakagaml mfadlng

Typical simulated Rayleigh fading at the carrier

Receiver speed = 120 km/hr

Raylmgh
- Ricean with K =1

=-= Nakagami with m =2
w
- 08 A TN N
o vk
0
o
= 06 A
° _"'\
= \‘\ A\
g
T N
: \
a N
" L " Il " i L L L i ot L L L b
0 50 100 150 200 250 ! . " ! - :
Elapsed Time (ms) Figure 3.16: Probability distributions f, () for Rayleigh, Ricean w/ K = 1, and Nakaganu with = 2.
Figure 5.15 A typical Rayleigh fading envelope at 900 MHz [from [Fun93] @ IEEE]. All have average received power I, = 1.

Ricean used when there 1s a dominant LOS path.
K parameter: strength of LOS to non-LOS. K = 0 => Rayleigh

Nakagami-m distribution can in many cases be used in
tractable analysis of fading channel performance. More
general than Rayleigh and Ricean.

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Rayleigh Fading Example

Example 3.2: Consider a channel with Rayleigh fading and average received power I’, = 20 dBm. Find the prob-
ability that the received power 1s below 10 dBm.
Solution. We have I, = 20 dBm =100 mW. We want to find the probability that 72 < 10 dBm =10 mW. Thus

10 -
| | 1
p(Z* < 10) = / mv‘mﬂﬂfﬁ.r: 005.
0

A Non-trivial (1%) probability of very deep fades.

Shivkumar Kalyanaraman
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Rayleigh Fading (Fade Duration Example)

average fade duration 1s

LT

- 1 Z . p(2(t) < Z) L : Level Crossing Rate
Ly =\2rxfppe )
er — 1 \_/ U

pfpV2rm | |

Ty =

Example 3.3:
Consider a voice system with acceptable BER when the received signal power 1s at or above half its averag

value. If the BER 1s below its acceptable level for more than 120 ms, users will turn off their phone. Find the rang
of Doppler values in a Rayleigh fading channel such that the average time duration when users have unacceptabl
voice quality is less than £ = 60 ms.

§

Solution.: The target received signal value 1s half the average, so I’y = .5/, and thus p = +/.5. We require

r -
e” —1

fovm

tz = <t = .060

and thus fp > (e — 1)/(.060/27) = 6.1 Hz. Faster motion & doppler better (get out of fades)!

J8 UURIC . SNV TP



Effect of Rayleigh Fading

L I I I I I I I I
C —— 4-QAM
—— —- 16-QAM
ok RSN — — 54-QAM
-2
10 ¢
x 10°F
L F
m C
107k
107 F
107

0 ] 10 15 20 25 30
SNR (symbol energy/noise in dB)

Figure 3.22: Flat fading causes a loss of at least 20-30 dB at reasonable BER values.

Rensselaer Polytechnic Institute
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Broadband, “Frequency-Selective” Fading.

Rensselaer Polytechnic Institute

Fading: Details

Multipath

Shivkumar Kalyanaraman
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Broadband Fading: Multipath Frequency
Selectivity

Local

‘n“nh scattering
\ \ 2 main/ !Jl
\ multipaths AW
» - e
p—
\ -

—

A

O A few major multipaths, and lots of local scatterers => each channel sample
“tap” can be modeled as Rayleigh

O A “tap” period generally shorter than a symbol time.
O Correlation between tapped values.

Rensselaer Polytechnic Institute
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Recall: Electric (Far) Field & Transfer Function

O Tx: a sinusoid: cos 2rft

0 Electric Field: source antenna g7 ¢ (. 9. ¢)) — =

gain (o) |
- a0, f)cos2mf(t — %}
QO Product of antenna gains (o) E.(f,t,u) = -
; - . (B ), fle—i2nfr/e
O Consider the function H(f):= ( f)

(transfer function)
0 The electric field is now: |E.(f.t.u) = R [H(f)e*/"].

Linearity 1s a good assumption, but time-invariance

lost when Tx, Rx or environment in motion

Rensselaer OTyTCTTIIIC TITSTITUTC

kumar Kalyanaraman
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Reflecting wall: Ray Tracing, Superposition

Transmit
Antenna

d
| Wall

"
receive antenna
O Superposition of phase-shifted, attenuateg-waves
avcos2mf (f. - 3), acos2mf (t s 2drs Qd_*;'

E(f.f) = 2200l ol .
r(}( } :’ r ’: .:.Q(I _ Ir“:
an®

lllllll

0 Phase difference ( = —L« ) + . ): depends upon f & r
a Constructive or destructlve interference
0 Peak-to-valley: coherence distance: | A, ._ 2

Q Delay spread. 21 1
d = - -
C C

Q Coherence bandwidth:| 1 /T,

QlI/f pattern changes 1f frequency changes on the order of
coherence bandwidth.

Rensselaer Polytechnic Institute
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Power Delay Profile => Inter-Symbol interference

Symbol

) Symbol Time
Time

A

O Higher bandwidth => higher symbol rate, and smaller time per-symbol
O Lower symbol rate, more time, energy per-symbol
If the delay spread is longer than the symbol-duration, symbols will “smear” onto adjacent

a
symbols and cause symbol errors
e .
2| path-1 '
£ path-2
l l path-3
\ Path Delay \ ,
Delay spread Symbol Error!
~1us If symbol rate
~ Mbps

Rensselaer Polytechnic Institute

3
.
.
-
*
-
3
3
»
‘e
.

\ - 7
No SymbErError! (~kbps)
(energy is collected
over the full symbol period

__for detection)
Shivkumar Kalyanaraman
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Effect of Bandwidth (# taps) on MultiPath Fading
(a) (b)
0.004 — 11— 10 — T
0.003 | : ok | i
0.002 | - I
~  0.001 1 &g 71T | ]
23 ok { £ _ -2} -
z 3 iz
5 0001 | . =5 30 | -
< £ 0002 | 1 % 10 l I ]
-0.003 1 = AR N
~0.004 | . -0 200 MH,—%! T
0,005 | ] ~60 L, o .
_0.006 NI S S R R R 70 I BERALLT LA B :
0 50 100 150 200 250 300 350 400 450 500 550 045 05 055 0.6 0.65 0.7 0.75 0.8 085 0.9 095 1
Time (ns) Frequency (GHz)
(c) (d)
0.001 R e S 0
0.0008 | -
0.0006F ; -10 - | 1
_0.0004+ - E  _0b | 1
TR 5 Y4
E ; 0.0002 1 gﬁ I
X OF 1 28 30f | i
g 2 —00002f {1 2 !
= _0.0004} 1 & -7 ' 1
—0.0006 F . 5ok ' 1
~0.0008 -
—0.001 TERT S N T S S — 60 N I I
0 50 100 150 200 250 300 350 400 450 500 550 0.65 0.66 0.67 0.68 0.69 0.7 0.71 0.72 0.73 0.74 0.75 0.76
Time (ns) Frequency (GHz)
Effective channel depends on both physical environment and bandwidth!
Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Multipaths & Bandwidth (Contd)

O Even though many paths with different
delays exist (corresponding to finer-scale
bumps in h(t))...

O Smaller bandwidth => fewer channel taps
(remember Nyquist?)

O The receiver will simply not sample several
multipaths, and interpolate what it does
sample => smoother envelope h(t)

O The power in these multipaths cannot
be combined!

O In CDMA Rake (Equalization) Receiver,
the power on multipath taps is received
(“rake fingers”), gain adjusted and
combined.

O Similar to bandpass vs matched
filtering (see next slide)

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Rake Equalization Analogy: Bandpass vs
Matched Filtering

Simple Bandpass (low bandwidth) Filter:
excludes noise, but misses some signal power in other mpath “taps”

A band poss ilter exdvdes noi=
byt msses som e =qgnal power

Matched Filter: includes more signal power, weighted according to size
=> maximal noise rejection & signal power aggregation!

A matched filter indvdes sgna com ponenis
weighted according to their sze

Jrlh M A ! L ]

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Power Delay Profile: Mean/RMS Delay Spreads

The power delay profile A.(7), also called the multipath intensity profile, is defined as the autocorrelation (3.52)

with At = 0: A.(7) =

A.(7,0). The power delay profile represents the average power associated with a given

multipath delay, and is easily measured empirically. The average and rms delay spread are typically defined in
terms of the power delay profile A.(7) as

Table 3.2: Some typical RMS delay spread and approximate coherence bandwidths for different WiMAX

-'”'Tm —

__fDOC' TA(T)dT

o

T —;JTm 2 A (T)dT

\/fﬂ

T)dT

applications.

Environment | f. (GHz) | RMS delay, Ty (ns) | Coherence bandwidth B, ST (MHz) | Reference
Urban 9.1 1300 15 [22]
Rural 9.1 1960 1 [22]
Indoor 9.1 270 7 [22]
Urban 5.3 44 4.5 [36]
Rural 5.3 66 3.0 [36]
Indoor 53 12.4 16.1 [36]

|fi—fol <Be = H(fi) = H(f2)

|f1— fa| >

B. = H{(fi1)and H(f2) are uncorrelated

Rensselaer Polytechnic Institute
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Multipath Fading Example

Example 3.5:
Consider a wideband channel with multipath intensity profile

AT

) — e—7/0000L (g < 7 < 20 pusec.
10 else

Find the mean and rms delay spreads of the channel and find the maximum symbol rate such that a linearly-
modulated signal transmitted through this channel does not experience ISL.

Solution: The average delay spread 1s

2041079 __y
fn * Te—T/-00001 -

Hr,, = = = (.87 jisec.
20410 /
fD * e—7/-00001 j-
The rms delay spread is
204106
_ o (T —prm,)%eTdr o
OTwm = 50+10-6 = 5.25 pusec.
I e=Tdr

We see in this example that the mean delay spread 1s roughly equal to its rms value. To avoid ISI we require linear
modulation to have a symbol period 7 that 1s large relative to o1, . Taking this to mean that 1; > 1007 vields a
symbol period of T = 52.5 jisec or a symbol rate of Ry = 1/ = 19.04 Kilosymbols per second. This is a highly
constrained symbol rate for many wireless systems. Specifically, for binary modulations where the symbol rate
equals the data rate (bits per second, or bps), high-quality voice requires on the order of 32 Kbps and high-speed
data requires on the order of 10-100 Mbps.

69 Google: “shiv rpi”



Doppler “Fast” Fading: Time-selectivity

Rensselaer Polytechnic Institute

Fading: Detalls

Shivkumar Kalyanaraman
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Doppler: Approximate LTI I\/Iodeling

, , o as(B0, f)eos2mf(t — ?“?'f]
Qr—ry+vt E(f,t,(ro +vt,0,9)) = /) 7 -
0 ‘

O vt/c phase correction
rewrite f(t—r,/e—vt/e) as f(1—v/e)t — fr,/e. (Fixed phase & frequency shifts)

0 Doppler frequency shift of —fy/c ~ Transmit

due to relative motion Aicnmg )
O This is no longer LTI unlike wired o "\wall
channels r(t) (%F
O We have to make LTI v

approximations assuming small-
time-scales only (¢ small, v¢ = 0)

Q If time-varying attenuation in denominator ignored (v¢ = 0), we can use
the transfer function H(f) as earlier, but with doppler adjustment of -fv/c

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Doppler: Reflecting Wall, Moving Antenna

Transmit
antenna
d
-
> | < Wall
[N
:’.(L-)".
. v r,—2d
IR acos 2mf(1 — o)t — %,D'] acos2mf [(1 + ot _Ec;}
r(£:1) = r, + vt B 2d —r, — vt
Q Doppler spread. | D, = D, — D, D, = —fu/e

Dy = +fv/c

O Note: opposite sign for doppler shift for the two waves
Q Effect 1s roughly like the product of two sinusoids

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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“il'

5ms

ot

|
1 |“| il ‘

Doppler Spread: Effect

| I| [
I
| |

O Fast oscillations of the order of GHz

O Slow envelope oscillations order of 50 Hz => peak-to-zero every 5 ms
O A.k.a. Channel coherence time (Tc) = c¢/4fv

Rensselaer Polytechnic Institute
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Two-path (mobile) Example

v= 60 km/hr, {, =900 MHz:

Direct path has Doppler shift of roughly -50 Hz = -fv/c
Reflected path has shift of +50 Hz
Doppler spread = 100 Hz

Transmit
antenna
d
“|Wall
\YY
a0 a
——
(9

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Doppler Spread: Effect
. | | =ihz | | |
: st / 1
% 0z 04 08 oa | 12 1a 18 18 2
o | | | _ =10Hz | | |
3 A AWA ]
%42 iﬂ\' fﬁ/\/\lﬂ'u'l/\lll |'ﬂ'"'/ Ellll |'Ir/\-. Ifll/\l'u'/\/ Ill'll/ \/\\‘/\ M
N . | |
-a0 L : ' ' ; ' ' | |
o 02 04 06 08 i 12 14 18 18 2
0 | fd = 100 Hz
% 0 ’l“ M 1| i I| o , | \“I\“'w MD i |‘\|”||’r
“JMM r ,! W % (( y i n' \"[i
%z 04 06 oe i 12 1a 18 18 2
time(second)

Figure 3.20: A sample output of the provide Rayleigh fading Matlab function for Doppler frequencies of

fp =1.10. and 100 Hz.
Rensselaer Polytechnic Institute Shivkumar Kalyanaraman I
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Angular Spread: Impact on Spatial Diversity

O Space-time channel models:
O Mean/RMS angular spreads (similar to multipath delay
spread)
a The time-varying impulse response model can be extended
to incorporate AOA (angle-of-arrival) for the array.
a A(0O): average received signal power as a function of AoA 0.

O Needs appropriate linear transformation to achieve full

MIMO gains. [T 0A6)d0

[T A(0)de

S 1o, v 16
(_"{Hﬂ.(” ] - [{._._—Jt, nl o e VM T

[ J22(0 — 1) A(6)d6
TN T Al

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Angular Spread and Coherence Distance

0 Bgys: RMS anqular spread of a channel
O Refers to the statistical distribution of the angle of the arriving energy.

O Large O, => channel energy 1s coming in from many directions,

O Lot of local scattering, and this results in more statistical diversity in the
channel based upon AoA

Q Small O,y => received channel energy 1s more focused.
O More focused energy arrival results in less statistical diversity.

0 The dual of angular spread is coherence distance, Dc.
O As the angular spread?t, the coherence distance |, and vice versa.

O A coherence distance of d means that any physical positions separated
by d have an essentially uncorrelated received signal amplitude and

phase.
, : 2\ freq =>
Q An approximate rule of thumb is | De = —. fireq : :
RMS better angular diversity|!
Rayleigh fading, which assumes a uniform angular spread, the well known relation 1s
O\ al
Ren D, ~ o alyanaraman
1
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Key Wireless Channel Parameters

Table 3.1: Key wireless channel parameters

Symbol Parameter

ol path loss exponent
Ts Log normal shadowing standard deviation
o Doppler spread (maximum Doppler frequency). fp = =
1. Channel coherence time. 7, =~ jEl

Timax Channel delay spread (maximum)

TRMS Channel delay spread (RMS)
B. Channel coherence bandwidth, B, ~ 7!

OrMS Angular spread (RMS)

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Fading Parameter Values

Key channel parameters and time-scales Symbol Representative values
Carrier frequency i 1 GHz
Communication bandwidth 1% 1 MHz
Distance between transmitter and receiver  d I km
Velocity of mobile v 64 km/h
“Doppler shift fora path D=fuv/c  50Hz
Doppler spread of paths corresponding to
a tap D, 100 Hz
Time-scale for change of path amplitude d/v I minute
Time-scale for change of path phase 1/(4D) Sms
Time-scale for a path to move over a tap c/(vW) 20s
Coherence time T.=1/4D,) 25ms
“Delay spread T,  dps
Coherence bandwidth W.=1/(2T;) 500kHz

Shivkumar Kalyanaraman
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Small-Scale Fading Summary

Small-Scale Fading
(Based on multipath time delay spread)

Flat Fading Frequency Selective Fading
1. BW of signal < BW of channel 1. BW of signal > BW of channel
2. Delay spread < Symbol period 2. Delay spread > Symbol period

Small-Scale Fading
(Based on Doppler spread)

Fast Fading Slow Fading
1. High Doppler spread 1. Low Doppler spread
2. Coherence time < Symbol period 2. Coherence time > Symbol period
3. Channel variations faster than base- 3. Channel variations slower than
band signal variations baseband signal variations
Rens Figure 5.11 Types of small-scale fading. n
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Fading: Design Impacts (Eg: Wimax)

Table 3.3: Summary of Broadband Fading Parameters, with Rules of Thumb
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Physical Models

O Wireless channels can be modeled as linear time-varying
systems:

y(t) = ) ai(O)z(t — ()

where a.(t) and t.(t) are the gain and delay of path 1.
Q The time-varying impulse response is:

h(t,m) = 2 ai(®)o(T — (1))

: . v .
O Consider first the special case when the channel is time-
invariant.
h(T) =) aid(1 —75)
1

Shivkumar Kalyanaraman
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Time-Invariance Assumption: Typical
Channels are Underspread

a Coherence time T, depends on carrier frequency and
vehicular speed, of the order of milliseconds or more.

a Delay spread T, depends on distance to scatterers, of

the order of nanoseconds (indoor) to microseconds
(outdoor).

2 Channel can be considered as time-invariant over a
long time scale (“underspread”).

A Transfer function & frequency domain methods can
still be applied to this approximately LTI model

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Baseband Equivalence: : 54 - mu{u{f)pﬁw}§

o
oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

0O Easier to analyze complex numbers like (e/™'), even though all baseband/passband
are real signals involving sines and cosines.

sty = w{u()er ]
= R{ult)}cos(2mfet) — I {u(t)} sin(2w fot)
= x(t)cos(2m feot) — y(t)sin(27 fet),

o(t) = R{u()}  y(t) = S{ut)}  u(t) = () + jy(t)

0 Passband signal = baseband signal (u(?)) multiplying a complex carrier (&") signal,
and extracting the real portion

0 u(?): complex envelope or complex lowpass equivalent signal
QQuadrature concept: Cosine and Sine oscillators modulated with x(z) and -y(?)
respectively (the Real and Quadrature parts of u(t))

Received Signal: (1) =R {o(t)e>7 |

v(t) = u(t) = ¢(t)  v(t) and c(t) are baseband equivalents for received and channel
Shivkumar Kalyanaraman
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Block diagram

()

V(1) = fi’('{ r[r}c"m‘f}

x(t)—» h(t.7) = R(,{ I, LY %

(a)
v(t) = x(1) ® h(1)
clt) —» ,l}r’!h(f, T) -, r(t)
r(t) = ('[f}@%hh(f]
(b) )

Figure 5.3 (a) Bandpass channel impulse response model; (b) baseband equivalent channel
impulse response model.

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Passband-to-Baseband Conversion: Block Diagram

0 Communication takes place at passband [fe — W/2, f. + W/2]

QO Processing takes place at baseband

:'H‘[;I?{,(ﬂ]

o,
.
| T -

V2 (Z‘D:Eﬂ' fot

4

2 [;‘8 b(t }] N

[-W/2,W/2]

QAM system P 1 Rlys(t)]
I\E,/‘ T

= i

2 2

PO hre) [ —)
= v’ic‘o*« 2w f .t

~ 1 Iya(t)]

- W W

2 2

Note: transmitted power half of baseband power

Rensselaer Polytechnic Institute
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Passband vs Baseband Equivalent Spectrum
S(f)
| .
~fe—F St T fom % fet+
5(f)
R Si(f) {‘”’25{{;”” AT

_w w
2 2

0 Communication at passband (allocated spectrum). Processing in baseband:
modulation, coding etc. Upconvert/Downconvert.

Q s, contains same information as s: Fourier transform hermitian around 0
(“rotation™).

O If only one of the side bands are transmitted, the passband has half the
power as the baseband equivalent

Rensselaer Polytechnic Institute
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Per-path: Complex Baseband Equivalent Channel

A The frequency response of the system 1s shifted from
the passband to the baseband.

(1) = Rh(t)e 72T =" als(r — )
where ag = que I

a Each path i 1s associated with a delay (t,) and a
complex gain (a;).

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Discrete-Time Baseband Equivalence: With
Modulation and Sampling

R{z[n]

| I
B

Rz (t)] 2 Rlys ()] [y[n]]
—=sinc(Wt — nf "@ —--{9—- 4»—/&»
I w(t) r % #
)
C\,_... G->_... h(T,t) _...‘Gl-)y_ﬁ.,
V2 cos 27 fot — =(t) - \/\72, 27 fot

3[zn]]

- |
]

Sys(t)] Sly[n]]
F )g
AN,

P

. 74l e
sinc (Wt nél‘[:l’:b{ﬂ] K}_(/J
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i |
w
=t

Sampling Interpretation sin(t) = S0,
| i
O Due to the decay of the sinc o B8 AL i contribuion - 1=
function, the ith path contributes 1
. . . l'Il \
most significantly to the /th tap if H
its delay falls in the window AL 1 oo
i=1 ; -._‘ o Main contribution - I =10
(/W — 1/2W), IW +1/2W)]. i
|III Illl
A \j lll ,/f Main contribution - I =1
N
f
: . . : 'u
Discrete Time Baseband 1/0 relationship: '
i= 83— /“"\ . I'a Main contribution - [ = 2
N
y[m] Zh (m| x[m — /£]. t
i=4 \/ ""‘ J"II L Main contribution - { = 2
where: )
he[m] as the " (complex) channel filter tap at time m. 1=oimit-2
function of mainly the gains af"‘( ) of the paths, whose delays 7;(t) are close to /W
Rensselaer Polytechnic Institute ‘ oy auiial natyanaramarn
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Multipath Resolution: LTI Approximation

Sampled baseband-equivalent channel model:

ylml =) hyx[m — (]
14
where 4, 1s the / th complex channel tap.

hg ~ Z aie_jQWfCTi
7

and the sum is over all paths that fall in the delay bin

W 2w W ' 2W
System resolves the multinaths un to delavs of 1/W .

he = (hy + sine) (£/W).

[e 1£|1]

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Baseband Equivalence: Summary

(I

Let s(¢) denote the input signal with equivalent lowpass signal u(t).

0 Let /(¢) denote the bandpass channel impulse response with equivalent
lowpass channel impulse response h,(t)

O The transmitted signal s(¢) and channel impulse response /(7) are both real,
so the channel output () = s(¢) * h(¢) is also real, with frequency response

R(H) = HHS()

O R(f) will also be a bandpass signal w/ complex lowpass representation:

r(t) =R {-‘e"*(ﬁ]ﬂjgﬁfﬂt} :

O It can be re-written (after manipulations as):
(1) = R{ (u(t) « (1)) |

Summary: Equivalent lowpass models for s(t), h(t) and r(t) isolates the carrier

terms (f,) from the analysis. Sampled version allows discrete-time processing.
Shivkumar Kalyanaraman
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Multipaths in LTI Model: Flat/Frequency-Selective Fading

0 Fading occurs when there 1s destructive interference of the
multipaths that contribute to a tap.

hg ~ Z a,,,;e_jQﬂ-fCTi
1

Delay spread Ty := max; ; |(t) — 7;(1)|

Coherence bandwidth W, := Tid

T; < 7, We > W = single tap, flat fading

T; > %, W. < W = multiple taps, frequency selective

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Doppler: Time Variations in Model

Time-varying

vlm] = 3 helmlatm — 4 e
holm] & Y ai()e 9200 =T
0 |44

fer!(t) = Doppler shift of the i th path

Doppler spread  Ds := max; ; | fer;(t) — fer}(t)]

Coherence time 7T, := DL
S

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Doppler Spread

Dy 1= maxg ; |for!(t) — fer!(®)

Doppler spread 1s proportional to:

Q the carrier frequency {;

Q the angular spread of arriving paths.

(Y
T/ (t) = _ cos 0;

where @, 1s the angle the direction of motion makes
with the i th path.

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Degrees of Freedom (Complex Dimensions)

0 Discrete symbol x[m] is the m™ sample of the transmitted
signal; there are W samples per second.

Continuous time signal x(t), 1 s = W discrete symbols

Each discrete symbol 1s a complex number;
Q It represents one (complex) dimension or degree of freedom.
a Bandlimited x(t) has W degrees of freedom per second.

a Signal space of complex continuous time signals of duration
T which have most of their energy within the frequency
band [-W/2,W/2] has dimension approximately WT.

a Continuous time signal with bandwidth W can be represented
by W complex dimensions per second.

a Degrees of freedom of the channel to be the dimension of the
received signal space of y[m]

(.

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Statistical Models

O Design and performance analysis based on statistical ensemble
of channels rather than specific physical channel.

hg[m] ~ Z aie_jQWfCTi

Q Rayleigh flat fading model: many small scattered paths

v L

Complex circular symmetric Gaussian .
Squared magnitude 1s exponentially distributed.
O Rician model: 1 line-of-sight plus scattered paths
h[m] ~ v/k +CN(0,1)

Shivkumar Kalyanaraman
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Statistical Models: Correlation over Time

Specified by autocorrelation
function and power spectral
density of fading process.

Example: Clarke’s (or Jake’s)
model.

R, [n]

200 400 600 800 1000 1200 1400 1600 1800 2000

Rensselaer Polytechnic Institute
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Additive White Gaussian Noise (AWGN)

O Complete baseband-equivalent channel model:
ylm] = > hy[m]z[m — €] + wlm]
14

w[m] ~ CN (0, Np)
O Special case: flat fading (one-tap):
ylm] = hlm]z[m] + w[m]

O Will use this throughout the course.

Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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BER Effect of Fading: AWGN vs Fading

L I I I I I I I I
C —— 4-QAM
== - —- 16-QAM
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Figure 3.22: Flat fading causes a loss of at least 20-30 dB at reasonable BER values.
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Types of Channels
Types of channel Defining characteristic
Fast fading T. < delay requirement
Slow fading T. > delay requirement
Flat fading W LW,
Frequency-selective fading W > W,
Underspread I, < 1.
Rensselaer Polytechnic Institute Shivkumar Kalyanaraman
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Summary

a We have understood both qualitatively and
quantitatively the concepts of path loss, shadowing,
fading (multi-path, doppler), and some of their design
impacts.

A We have understood how time and frequency
selectivity of wireless channels depend on key
physical parameters.

a We have come up with linear, LTI and statistical
channel models useful for analysis and design.
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