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Figure 4.59 The two antennas were swept in angle across each other. The chips on which the
antennas were fabricated are represented by squares, and the antennas are represented by smaller
black boxes [from [MBDGR11] c© IEEE].
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Figure 4.60 The de-embedding method indicates that the on-chip Yagi pattern was distorted by
the presence of other nearby metal structures [from [MBDGR11] c© IEEE].
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Figure 4.61 Simulations confirmed measurements that indicated the distortion of the antenna
pattern was caused by surrounding metal structures. This indicates that isolation between integrated
antennas and other nearby structures on the chip or in the package is key to successful design [from
[MBDGR11] c© IEEE].
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Figure 5.7 The S-parameters of a transmission line can be used to determine the effective relative
permittivity and loss tangent of a CMOS process. The effects of the probe pads must be de-embedded
for this measurement to be accurate [from [GJRM10] c© IEEE].
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Figure 5.8 The effective relative permittivity may be measured in a number of ways and is a vital
parameter for the design of passive structures [from [GJRM10] c© IEEE].
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Figure 5.9 The effective loss tangent is a vital parameter to predict loss of passive structures [from
[GJRM10] c© IEEE].
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Figure 5.26 A common ground plane is evident in this layout. Portions of the metal have been
removed in order to meet metal fill requirements [based on a figure from [MTH+08] c© IEEE].
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Figure 5.42 The amplifier accepts energy in only a certain range of frequencies.
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Figure 5.43 The value of S21 gain is only high in a certain band of frequencies.
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Figure 5.44 A direct conversion architecture for a transmitter and receiver. This is a popular
architecture for today’s cellphones. In many designs, the VCO is part of a phase-locked loop (PLL).
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Figure 5.46 The non-linearity of most devices results in the compression of the output power of
the fundamental harmonic.
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Figure 5.50 The bias point of the amplifier determines the amplifier’s class. Class A amplifiers
conduct current over the entire period. Class B amplifiers conduct over half the period, Class C
conduct over less than half the period, and Class AB conduct over more than half the period, but
less than the entire period.
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Figure 5.60 Based on the nature of the LO signal magnitude and bias point, we may treat the
transconductance of the cascode as a square wave that switches on and off. This figure shows how
the gain of the switching mixer is gated by the LO voltage to create the switching effect of the mixer.
This approach is used in double balanced mixers, such as Gilbert cells.
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Figure 5.63 The open-loop gain (top) and phase shift (bottom) of the oscillator in Fig. 5.62.



From Rappaport et al., Millimeter Wave Wireless Communications,  
ISBN-13: 978-0-13-217228-8. Copyright © 2015 Pearson Education, Inc.

PTG-Rappaport Rappaport Ch05 2014/8/12 10:24 Page 355 #97

5.11 Analog MmWave Components 355

Open-loop gain magnitude

0
0

0.2

0.4

0.6

0.8

1

1.2

20 40 60 80 100 120 140 160 180

GHz

Open-loop phase

−1.50E + 02

−1.00E + 02

−5.00E + 01

0

5.00E + 01

1.00E + 02

1.50E + 02

0 20 80 100 120 140 160 180

GHz

6040

Figure 5.65 The gain and phase of a simple LC tank oscillator.
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Figure 5.71 For real-world oscillator circuits, the output spectrum will be polluted by power at
frequencies other than the intended operating frequency.
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Noisy waveform

Time

Noiseless waveform

Noise impulse

Figure 5.72 Noise events, such as the noise impulse represented here, will affect both the amplitude
and phase of a circuit. In general, the amplitude impulse response of the circuit will act to remove
amplitude noise over time. But phase noise persists, as is evident when we compare the phase of the
noisy waveform to the noiseless waveform.
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Figure 5.73 The output spectrum of an LC oscillator becomes more spectrally pure as the quality
factor of the tank increases.
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Figure 5.76 The transfer characteristics of a subharmonic oscillator.
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Figure 5.76 The transfer characteristics of a subharmonic oscillator.



From Rappaport et al., Millimeter Wave Wireless Communications,  
ISBN-13: 978-0-13-217228-8. Copyright © 2015 Pearson Education, Inc.

PTG-Rappaport Rappaport Ch05 2014/8/12 10:24 Page 379 #121

5.12 Consumption Factor Theory 379

Energy expenditure per bit vs. transmission distance

Distance (m) [Log Scale]

PNP = 1 W, max distance = 67 m

PNP = 10 W, max distance = 120 m

PNP = 100 W, max distance = 213 m

PNP = 1000 W, max distance = 379 m

5 15 50 160 500

RX Gain 30 db
Carrier frequency 20 GHz
Path loss exponent: 4

Capacity 1 Gbps
HTX = 1
HRX = 1

1580 5000

E
ne

rg
y 

pe
r 

bi
t (

dB
J)

−30

−40

−50

−60

−70

−80

−90

−100

Figure 5.86 For a system with high signal path efficiency and high non-path power consumption,
we see that the energy expenditure per bit is dominated by non-path power, indicating little advantage
to shortening transmission distances [from [MR14b] c© IEEE].
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Figure 5.87 When signal path components are less efficient, as illustrated here, then shorter trans-
mission distances start to become advantageous, as signal path power starts to represent a larger
portion of the power expenditure per bit [from [MR14b] c© IEEE].
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Figure 5.88 A higher frequency system that can provide a much higher bit rate capacity without
substantially increasing non-path power consumption may result in a net reduction in the energy
price per bit [from [MR14b] c© IEEE].
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Figure 5.89 Lower efficiencies of signal path components motivate the use of shorter transmission
distances [from [MR14b] c© IEEE].
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Figure 6.1 An arbitrary baseband analog signal having an approximate bandwidth of 100 MHz.
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Figure 6.2 The spectrum of the arbitrary analog waveform shown in Fig. 6.1. The spectrum has
been normalized such that the strongest spectral component has an amplitude of 0 dB.
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Figure 6.3 A zoomed-in version of the arbitrary signal in Fig.6.1 showing how it has been sampled.
The bandwidth (BW) of the original signal is 100 MHz, and the sampling rate is 400 MHz.
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Figure 6.4 The result of sampling the signal in Fig. 6.1 in the time domain is to make the spectrum
periodic in the frequency domain.
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Figure 6.5 If the signal of Fig. 6.1 with a baseband bandwidth of 100 MHz is sampled at 100 MHz, 
the result is an aliased signal. In the frequency domain, overlapping copies of the original signal’s 
spectrum completely distort the resulting sampled signal.
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Figure 6.6 Quantizing the signal of Fig. 6.1 with 4 bits reduces the dynamic range to 24 dB.
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Figure 6.7 An example of sampling with jitter, where uncertainty in the time interval between
samples results in decreased dynamic range.



From Rappaport et al., Millimeter Wave Wireless Communications,  
ISBN-13: 978-0-13-217228-8. Copyright © 2015 Pearson Education, Inc.

PTG-Rappaport Rappaport Ch07 2014/8/12 10:25 Page 438 #6

438 Chapter 7 � MmWave Physical Layer Design and Algorithms

Positive signal limit

Voltage signal
Quantization level
Sample points

TIME

Negative signal limit

V
ol

ta
ge

Figure 7.2 Amplitude thresholding and quantization for a 3-bit ADC with uniform quantization
levels in the receiver. In a wireless communications receiver, ADCs quantize both the in-phase and
quadrature channels independently. Automatic gain control (AGC) is used to normalize the energy
of the received complex baseband signal so that the ADC thresholds and quantization levels can be
fixed (i.e., do not depend on fading). As shown in Chapter 3, fading will be less pronounced with
directional antennas.
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Figure 7.3 AM-PM and AM-PM measurements and modified Rapp model for a CMOS 65 nm
PA. For more detail on mmWave PA statistics, please consult the tables provided in Chapter 5 [plot
created with data from [EMT+09] c© IEEE].
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Figure 7.4 Measured power spectral density of single sideband (SSB) VCO output for desired signal
at 67.3 GHz. PSD measurements normalized to desired carrier output power (represented by dBc/Hz).
A similar figure is shown in Chapter 5. Here, however, we have included a comparison to a pole/zero
model that facilitates physical layer performance simulations [data taken from [FRP+05] and smoothed
to create the plot c© IEEE].
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Figure 7.5 Different phase noise effects and their contribution to the power spectral density in the
Leeson model [Lee66].
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Figure 7.6 Bit error rate as a function of SNR for OFDM and SC-FDE in AWGN and LOS
channels with QPSK constellations. The coding options are RS(255,239) and LDPC(672,336). The
802.15.3c spectral mask is added to the AWGN channel to demonstrate bandwidth conservation of
each modulation strategy. Hardware impairments are not considered.
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Figure 7.7 Bit error rate as a function of SNR for OFDM and SC-FDE in LOS CM1.3 channels
with 16-QAM constellations. Hardware impairments are not considered.
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Figure 7.8 Bit error rate as a function of SNR for OFDM and SC-FDE in NLOS CM2.3 channels
with QPSK constellations. No hardware impairments are considered.
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Figure 7.9 Bit error rate as a function of SNR for OFDM and SC-FDE in NLOS CM2.3 channels
with 16-QAM constellations. No hardware impairments are considered.
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Figure 7.10 Bit error rate as a function of SNR for OFDM and SC-FDE in LOS CM1.3 channels
and CMOS PA non-linearity with QPSK constellations.
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Figure 7.11 Bit error rate as a function of SNR for OFDM and SC-FDE in LOS CM1.3 channels
and CMOS PA nonlinearity with 16-QAM constellations.
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Figure 7.12 Bit error rate as a function of SNR for OFDM and SC-FDE in NLOS CM2.3 channels
and CMOS PA non-linearity with QPSK constellations.
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Figure 7.13 Bit error rate as a function of SNR for OFDM and SC-FDE in NLOS CM2.3 channels
and CMOS PA non-linearity with 16-QAM constellations.
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Figure 7.14 Bit error rate as a function of SNR for OFDM and SC-FDE in LOS CM1.3 channels
and 5-bit ADC samples with QPSK constellations.
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Figure 7.15 Bit error rate as a function of SNR for OFDM and SC-FDE in LOS CM1.3 channels
and 5-bit ADC samples with 16-QAM constellations.
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Figure 7.16 Illustration of how length-N complementary Golay sequence pair, aN and bN , may
be used to construct a training sequence that enables channel impulse response estimation through
complementary correlation. Pre- and post-fixes are added before and after Ns repetitions of each
complementary sequence to prevent excess multipath from disrupting zero-sidelobe properties. At the
receiver we correlate with the channel distorted versions of each N -length complementary sequence
and add them together to yield an estimate of a single tap. Delayed correlations are computed for
each tap, and each of the Ns repetitions is used to improve estimate robustness in the presence of
noise.
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Figure 7.18 Capacity comparison with 1-, 2-, 3-, and, ∞-bit ADC precision for a discrete memory-
less channel with perfect synchronization [SDM09].
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Figure 7.19 Analog and mixed signal equalization architectures can reduce the ADC bit resolu-
tion of the overall receiver (assuming that synchronization and other receiver functionality can be
maintained). Mixed signal equalization can be considered a DFE with an analog feedback filter and
a digital feedforward filter.
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Figure 7.20 LOS MIMO channel with arbitrary uniform linear array (ULA) alignment and Nr =
Nt = 8 elements on each ULA. The range reference of the link is denoted by r, and the total antenna
array lengths at the receiver and transmitter are Lr and Lt, respectively.
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Figure 8.7 A multilevel codebook proposed in [HKL+11] for wireless backhaul. Higher levels of
the codebook have narrower beams, thus enhanced resolution [from [HKL+11, Figure 2] c© IEEE].
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2nd time slot

Full duplex Half duplex Multi-hop

Figure 8.9 Different relay configurations with source, relay, and destination. In theory, a commu-
nication link with a relay may exploit both the direct link from the source to the destination and
the indirect link through the relay. With a full duplex relay, the relay listens and retransmits at the
same time. A practical example of a full duplex relay is a repeater. With a half duplex relay, the relay
either transmits or receives and communication may be broken into two phases: transmission from
the source, and transmission from the relay. In a multi-hop channel, the relay is half duplex and the
source to destination link is not exploited (from [Hea10]).
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Figure 8.12 Coverage range and data rate at the physical layer for a 5 GHz link and 60 GHz
link under two different channel conditions: LOS and NLOS. It can be seen that the microwave link
provides higher coverage at the expense of smaller data rates. A multi-band protocol could obtain
the rate benefits of 60 GHz and the coverage benefits of lower frequencies [from [YP08, Figure 1]
c© IEEE].
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Figure 8.13 Different strategies for supporting video in mmWave systems. (a) Pixel partition-
ing. (b) Frame format. (c) Uncompressed video with automatic repeat request. (d) Unequal error
protection. (e) Error concealment using Reed-Solomon codes. [From [SOK+08, Figure 13] c© IEEE]
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Figure 8.13 Different strategies for supporting video in mmWave systems. (a) Pixel partition-
ing. (b) Frame format. (c) Uncompressed video with automatic repeat request. (d) Unequal error
protection. (e) Error concealment using Reed-Solomon codes. [From [SOK+08, Figure 13] c© IEEE]



From Rappaport et al., Millimeter Wave Wireless Communications,  
ISBN-13: 978-0-13-217228-8. Copyright © 2015 Pearson Education, Inc.

PTG-Rappaport Rappaport Ch08 2014/8/12 10:25 Page 499 #29

8.6 Multiband Considerations 499

Backhaul connections between all base stations

Microwave
link

mmWave
link

Interference

Figure 8.14 A model for coexistence between mmWave and microwave cellular where the
microwave cellular network forms an umbrella network to facilitate the management of many
mmWave communication links and to simplify functions like handoff. On the left side, a mobile
device may connect either to a microwave or mmWave base station or to both simultaneously using
the phantom cell concept. Interference on the microwave frequencies comes from other microwave
base stations and on the millimeter wave frequencies from other millimeter wave small cells. As
shown in Chapter 3 and elsewhere, the directionality of the beam patterns reduces the impact of
mmWave interferers [BAH14][SBM92][RRE14][RRC14][ALS+14].
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From Rappaport et al., Millimeter Wave Wireless Communications,  
ISBN-13: 978-0-13-217228-8. Copyright © 2015 Pearson Education, Inc.

PTG-Rappaport Rappaport Ch08 2014/8/12 10:25 Page 504 #34

504 Chapter 8 � Higher Layer Design Considerations for MmWave

C
el

l t
hr

ou
gh

pu
t 

in
 M

H
z

31
77.2

432

929

1.2 1.4
124

848

0
100
200
300
400
500
600
700
800
900

1000

Average
5% tail

mmWave MUMassive MIMOSU-MIMSIS

Figure 8.16 Comparison of cell throughput of mmWave networks and microwave networks.
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Figure 9.1 International frequency allocation for 60 GHz wireless communication systems.
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Figure 9.7 Neighbor piconet. The parent piconet (controlled by the set-top box) manages coexis-
tence with the neighbor piconet (controlled by the personal computer).
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Figure 9.8 Channelization in IEEE 802.15.3c provides four different channels for mmWave PHY.
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Figure 9.15 OFDM symbol formatting in the HSI PHY in IEEE 802.15.3c. The sub-carrier fre-
quency spacing is 5.15625 MHz for all 512 sub-carriers. Three null DC tones prevent carrier feed
through as well as ADC/DAC offset problems. The guard tones are usually nulled to meet spectral
mask requirements, although customized guard tone values may optimize front end effects.
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Figure 9.16 OFDM symbol formatting for the HRP. The sub-carrier frequency spacing is ≈ 4.96
MHz for all 512 sub-carriers. Three DC tones and all guard tones are nulled.
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Figure 9.18 OFDM symbol formatting for the LRP. The sub-carrier frequency spacing is 2.48 MHz
for all 128 sub-carriers. There are 37 data and null subcarriers, each with a subcarrier width of 2.48
MHz, resulting in an occupied bandwidth of 91.76 MHz (∼ 92 MHz). The specified spectral mask
passband bandwidth (at 10 dB down) is 98 MHz, allowing for roll-off in the LRP mode. Three DC
tones and all guard tones are nulled.
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Figure 9.24 UEP Type 3 through skewing of 16-QAM. Here, the minimum distance between
in-phase constellation points (where MSB bits are mapped) is increased by a factor 1.25.
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Figure 9.29 Four levels of patterns in antenna beamforming codebook for eight-element uniform
linear array (patterns visualized on the azimuthal plane (top view) for a vertical array orientation)
[802.15.3-09].
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Figure 9.30 High-resolution beam cluster in 3-dimensional space.
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Figure 9.32 OOK and DAMI constellations for optional use within the SC-PHY [802.15.3-09].
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Figure 9.33 Layering of WirelessHD device.
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Figure 9.34 WirelessHD packetizer diagram [Wir10].
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Figure 9.35 Protocol structure of ECMA-387 [ECMA08].
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Figure 9.36 Out-out-band (OOB) control channel layered architecture in ECMA-387 [ECMA08].
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Figure 9.46 Transmissions by source STA, amplify-and-forward relay, and destination STA in a
link switching example in normal mode.



From Rappaport et al., Millimeter Wave Wireless Communications,  
ISBN-13: 978-0-13-217228-8. Copyright © 2015 Pearson Education, Inc.

PTG-Rappaport Rappaport Ch09 2014/8/12 10:26 Page 580 #74

580 Chapter 9 � MmWave Standardization

...
STP

... ...

0 1

16
7

16
8

16
9

33
5

Pair 167Pair 1Pair 0

Figure 9.53 Static tone pairing (STP) in MCS 13-17. Even and odd sub-carriers are paired (out
of 336 sub-carriers total) and mapped to maximize the minimum sub-carrier distance between even
and odd sub-carriers (168 sub-carrier distance).
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Figure 9.54 Dynamic tone pairing (DTP) in MCS 13-17. For DTP, the group pair index (GPI) is
given to the PHY and is defined by the transmitter. The mapping GPI is hence a permutation where
GPI : {0, 1, . . . , 41} → {0, 1, . . . , 41} and GPI : k �→ Gk. Note that although the even elements of
each group have a fixed mapping, the odd elements may be mapped more generally. In other words,
Gk may vary for a fixed k, depending on the link configuration. The ends of the DTP transformed
sub-carriers are not shown to maintain generality, although one of the 42 groups must be mapped
to the last DTP group in practice.


