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Göteborg, Sweden, April 2011



To all the people I love





Abstract

The exponentially-growing mobile data traffic imposes significant demands
on the capacity of the mobile network. Fiber optic and microwave links
are two main solutions for the mobile backhaul network, which provides
connectivity between radio base station (RBS) sites and the switch sites. As
compared to fiber, a microwave solution is much easier to deploy, however,
its capacity is lower. This thesis is devoted to the design and implementation
of modems supporting high data rate transmission.

This thesis includes the design and implementation of one MMIC-based
on- /off- keying (OOK) modem and two FPGA-based differential phase shift
keying (D-QPSK) modems. The OOK modem is designed for short-distance
applications. The D-QPSK modems are made for high capacity microwave
radio applications.

The OOK modulator is implemented in a heterojunction bipolar transis-
tor (HBT) process, and is capable of transmitting data at rate of 14 Gbps.
The OOK demodulator is implemented in a metamorphic high electron mo-
bility transistor (mHEMT) process with a detection range of 10 to 60 GHz.
An OOK link is set up and 10 Gbps transmission is achieved.

For the D-QPSK scheme, a 2.5 Gbps and a 5 Gbps D-QPSK modem are
implemented with FPGAs and microwave components. Modifications at the
modulator and demodulator are explained, which doubles the data rate of
the D-QPSK modem. It also enables the possibility of scaling up to even
higher data rates. A point-to-point radio is demonstrated by using such a
modem and commercial E-band RF front-end components, which achieves 5
Gbps full-duplex data transmission.

Keywords: OOK, D-QPSK, Mobile Backhaul, Modem, MMIC, HBT, mHEMT,
Differential Encoder, FPGA, E-band, Point-to-point Radio.
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Chapter 1
Introduction and Motivation

1.1 Background

The Demand on Mobile Network Capacity

With the emergence of numerous smart mobile devices such as handheld
smart phones and net-books, the data usage on mobile networks is growing
exponentially. As shown in Fig. 1.1, the mobile data traffic generated is
expected to grow more than 45 times by 2015 compared to the end of 2009,
and even 380 times by 2020, which corresponds to about 57 Gb per month
per average subscriber. The mobile data traffic is mainly generated from
“Handset data+VoIP” (such as traditional audio call, SMS and MMS service)
and “cellular modem” which supports mobile-based internet access. The
figure indicates that an increasing percentage of data traffic would come from
the “cellular modem” in the future. This increase in mobile traffic puts a
huge demand in mobile communication capacity and quality of service (QoS)
in mobile networks. In urban area, the mobile capacity is estimated as 25
Gb/s/km2, assuming an average bit rate of 1 MB/s per user during busy
hours, and a typical user density of 25,000 user/km2 in dense urban regions
[1].

The Mobile Network Structure

A typical mobile network structure is shown in Fig. 1.2. At the left, there
is user equipment (UE), which is wirelessly connected to radio base stations
(RBS). With the upgrading of RBSs from 2G (second generation) to 3G
(third generation) and LTE (Long Term Evolution), the capacity require-
ment of the UE-to-RBS link is increased. At the right, there are switch/

1
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Figure 1.1: Growth of transferred data in Western Europe [1]

Figure 1.2: A typical mobile network structure
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Figure 1.3: The usage forecast for different LRAN solutions [2] [3] [4]

control sites. These sites control the communication between different RBSs
and enable the communication between end users of mobile and/or fixed
telecom. The links between RBSs and these switch/control sites are called
mobile backhaul. The mobile backhaul is an essential part of a radio access
network (RAN), which can be divided into two parts: the lower radio ac-
cess network (LRAN) and higher radio access network (HRAN). HRAN is
normally built based on metro ethernet, which is a computer network that
covers a metropolitan area and is commonly used as a metropolitan access
network to connect subscribers and enterprises to a larger service network
or the Internet. The RBSs LRAN need to be connected to nearby nodes in
the HRAN; the network links RBSs and HRAN. The distance between RBSs
and HRAN nodes is normally several km; this link is also called “last mile”
link.

Fiber and Microwave Solutions for LRAN Backhaul

Three solutions are mainly used today for LRAN links: microwave, copper
and optical fiber. Fig. 1.3 shows the market share of these solutions. The
copper network solution, according to [2], makes up for nearly 20% of all
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Microwave Fiber
Capacity Up to several Gbps Practically unlimited
Regulation Requires spectrum Requires right of ways and

license infrastructures
Costs and Cost per link with some Costs and deployment time
Deployment incremental cost with the increase per meter with
Time distance. distance

Fast deployment time
Terrain Suitable for any terrain, Costly. Sometime impossible

line-of-sight is required when trenching in difficult
terrain (mountains,
desert, swamp, etc)

Reuse options Can be disassembled Cannot be reused;
and relocated Copper ducts may

be reused for fibers
Climate Influenced by climate No influence,

expect for flood and
earthquakes, etc

Table 1.1: Solution consideration between microwave and fiber

LRAN deployments, is likely to decrease due to its limited capacity and
its inability to scale in a cost efficient manner. Looking forward, fiber is
expected to take the place of copper based wire-line connections, and increase
its overall share (albeit not at the expense of Microwave).

Currently, microwave and fiber are the main solutions for LRAN. A com-
parison between these solutions are shown in Tab. 1.1. The main limitation
for a microwave solution is its limited capacity compares to the fiber solution.
However, the features of fast deployment and ease of relocation makes the
microwave solution more attractive than fiber.

1.2 Motivation

Section 1.1 emphasizes the increasing need for high capacity in the mobile
network, especially at the RBS sites. Also, we have shown that fiber and
microwave links are two main solution for connecting RBS, however, the
main disadvantage of the microwave link solution is its limited capacity.
It is important to find possible solutions for enhancing the data rate in a
microwave link.

In this thesis, hardware solutions for high data rate modulators/ demod-
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ulators (modems) are discussed. Two approaches are used for designing and
implementing such modems. The first is based on MMIC (monolithic mi-
crowave integrated circuit). The other is using FPGA (field programmable
gate array) and discrete microwave components.

1.3 Thesis Outline

The thesis is organized as follows: in Chap. 2, we explain the theoretical
background, including the concept of passband modulation, spectrum effi-
ciency and detection techniques. Different digital modulation schemes are
described as well. In Chap. 3, we focus on the MMIC based OOK modem.
We first go through a series of different MMIC OOK modulator design and
then a novel structured OOK modulator is introduced. We also present an
MMIC based OOK demodulator. The measurement technique we used in
measuring this demodulator is described in detail. In Chap. 4, we present
two FPGA based D-QPSK modems, for data rates of 2.5 Gbps and 5 Gbps,
respectively. The modifications on differential encoding algorithm and de-
modulator structure are described. These changes are necessary to double
the data rate in D-QPSK modem. Finally, conclusions are drawn and on-
going work is presented in Chap. 5.
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Chapter 2
Theoretical Background

2.1 Passband Modulation

The basic principle of passband modulation is to encode information into a
carrier signal, which is then transmitted over a communication channel [5].
Passband modulation can be categorized as passband digital modulation or
passband analog modulation.

In passband analog modulation, the information (i.e. audio) can be rep-
resented as a continuous (analog) waveform Sinfo(t). The amplitude A(t),
phase φ(t), and (or) frequency incremental part ∆f(t) of the modulated
signal S(t) are (is) changing with the Sinfo(t) continuously. Thus, the mod-
ulated signal can be represented as:

S(t) = A(t)sin{2π[fc + ∆f(t)]t+ φ(t)} (2.1)

where fc is the carrier frequency.
In passband digital modulation, information is a stream of binary bits,

which can be represented as a discrete sequence Sinfo[k], where k is the index
of the sequence. Assuming one symbol contains N bits of data, the symbol
stream can also be represented as a discrete sequence Sinfo[k]. The passband
digital modulated signal can be represented as:

S[k](t) = A[k]sin{2π(fc + f [k])t+ φ[k]}, t ∈ [kTsym, (k + 1)Tsym) (2.2)

Fig. 2.1 depicts the relationship between data bit stream, symbol and
modulated signal. Assuming a binary bit Sinfo[k] lasts Tb in time. A symbol,
which contains N bits, lasts Tsym = NTb in time. The modulated signal S(t)
is a continuous time variant signal, however whose amplitude A[k], phase

7
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Figure 2.1: A waveform of passband digital modulated signal

φ[k] and frequency f [k] change discretely according to the symbol Ssym[k].
Modulation schemes can be divided into amplitude modulation (changing
A[k]), phase modulation (changing φ[k]) and frequency modulation (changing
f [k]). Frequency modulation is not popularly for high data rate scenario,
because it is difficult to implement, so this thesis focus on only amplitude
and phase modulation.

2.2 Amplitude and Phase Modulation

In amplitude and phase modulation, the information bit stream is encoded in
the amplitude and/or phase of the transmitted signal. The rule of encoding
is called a modulation scheme, which is a mapping between a N-bit symbol
and the amplitude and/or phase:

[b0, b1, ...bN−1]⇐⇒ [A, φ] (2.3)

The expression in Eq. 2.2 can be reformed as:

S(t) = A[k] · sin(2πft+ φ[k])

= A[k] · [sin(2πft)cos(φ[k]) + cos(2πft)sin(φ[k])]

= A[k] · cos(φ[k]) · sin(2πft) + A[k] · sin(φ[k]) · cos(2πft)
= Q[k] · sin(2πft) + I[k] · cos(2πft)
= ej2πft+I[k]+jQ[k]

(2.4)
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data modulated signal constellation diagram

0 0

1 s(t) = Asin(2πfct)

Table 2.1: Modulation scheme of OOK

Eq. 2.4 shows that a symbols can be represented as a complex number
I[k] + jQ[k], where

I[k] =A[k] · sin(φ[k])

Q[k] =A[k] · cos(φ[k])
(2.5)

It can be visualized as a point on the complex plane. The real and
imaginary axes are often called the in phase, or I-axis and the quadrature,
or Q-axis. A constellation diagram is a representation of a signal modulated
by a digital modulation scheme. It displays the signal as a complex plane
scatter diagram in the complex plane. A pack of N -bit data k can be drawn
as a point whose coordinates is [I[k], Q[k]]. All the possible symbols that
may be selected by a given modulation scheme are represented as points in
the complex plane. The constellation diagrams of several commonly used
modulation schemes are described below:

2.2.1 OOK, BPSK and QPSK

In an OOK scheme, each symbol contains only one bit data. And the data
is represented by manipulating only the amplitude A[k]. The mapping table
and constellation diagram are shown in Fig. 2.1. The advantage of the
OOK scheme is that the structure of an OOK modem is simple and easy to
implement.

In a PSK scheme, each symbol may contain M bits data. The data is
represented by the phase information φ[k] only, which can be chosen from
2M possible values. PSK scheme is a constant envelope (constant amplitude)
modulation scheme.

In case M = 1, the scheme is called BPSK (binary-phase shift keying).
Similar as OOK, each symbol contains only one bit data. The mapping table
and constellation diagram are shown in Fig. 2.2.

For the case M = 2, the scheme is called QPSK (quadrature phase shift
keying). Each symbol contains two bits data. The mapping table and con-
stellation diagram are shown in Fig. 2.3.
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Figure 2.2: Modulation scheme of BPSK

Figure 2.3: Modulation scheme of QPSK
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Figure 2.4: Modulation scheme of QAM

In the general case M > 2, there are 2M symbol states, and each symbol
contains M bits data information. However, higher order PSK can tolerate
less phase noise than BPSK and QPSK.

2.2.2 Quadrature amplitude modulation (QAM)

Different from the OOK or PSK scheme, a QAM modulation scheme maps
a pack of M bit data [bMk, ..., bMk+M−1] to both amplitude A[k] and phase
φ[k] of the carrier frequency. By manipulating both amplitude and phase,
more bits can be mapped into one symbol. A 16-QAM symbol contains 4 bits
data, however, all the possible phase states φ[k] are not distributed equally.
The constellation diagram of 16-QAM are shown in Fig. 2.4.

2.3 Coherent and non-coherent detection

A modulated signal as described by Eq.2.2, received at receiver, can be ex-
pressed as:

S(t) = Apath(t)A[k]sin{2πfct+ φ[k] + φpath(t)}+N(t) (2.6)

where Apath(t) is amplitude attenuation and fading as result of propagation
through a certain channel, φpath(t) is additional phase due to the propagation
delay, and N(t) is the noise related to the channel and the transceiver.
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An OOK modulated signal can be detected by an envelope detector, which
extracts Apath(t)A[k]. The extracted results can be used as a base for trans-
mitted amplitude estimation.

In the case of phase related modulation (PSK or QAM), demodulation
requires good estimation of φ[k]. In other words, the term 2πfct and φpath(t)
must be eliminated. This can be done by two approaches, which are named
coherent detection and non-coherent detection.

2.3.1 Coherent detection

Coherent detection is a technique where phase is locked to the carrier signal
to improve detection. This phase locking procedure called carrier recovery,
in which a reference waveform as Sref (t) = sin[2πft+ φpath(t)] is generated.
By comparing the phase difference of the received signal and the reference
Sref (t), φ[k] can be extracted.

2.3.2 Non-coherent detection

The carrier recovery can be a difficult task to implement at high frequency
and high data rates. Another detection method which does not require carrier
recovery is called non-coherent detection. The principle is to compare the
phase difference of two adjacent symbol. Assuming the two samples are taken
at t1 and t2, which are one symbol period apart: t2 = t1+Tsym. Both samples
can be expressed by Eq. 2.6. The phase difference between these samples is:

∠S(t2)− ∠S(t1) = φ[k + 1]− φ[k] + φpath(t2)− φpath(t1) + 2πfc(t2 − t1)
= φ[k + 1]− φ[k]

(2.7)

Where φpath(t2) ≈ φpath(t1), given the channel is line-of-sight point-to-
point additive white Gaussian noise (AWGN) channel without multi-path
effect.

By comparing the phase of adjacent symbols, the phase difference φ[k +
1]−φ[k] can be extracted. However, in order to extract φ[k], the information
of the previous symbol φ[k − 1] is still needed. A technique of differential
encoding is needed for non-coherent detection. The idea is modulating the
data onto the phase difference between adjacent symbols which can be ex-
tracted directly by the demodulator. The differential encoding rule is given
in the left part of Fig. 2.5. Ik and Qk are the I and Q signal of the k th
symbol. To generate Ik and Qk, the input data and the state of the k − 1
th symbol is needed. For example, assume the k − 1 th symbol is Ik−1 = 1
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data Ik Qk ∆φ constellation diagram

00 ¯Ik−1 ¯Qk−1 180

01 ¯Qk−1 Ik−1 90

10 Qk−1 ¯Ik−1 270

11 Ik−1 Qk−1 0

Table 2.2: The differential encoding rule

and Qk−1 = 1, given the input data is “10”. According to the coding rule,
Ik = Qk−1 = 1 and Qk = Īk−1 = −1. As shown in the right part of Fig. 2.5,
an input data “10” would rotate the constellation point 90 degree clockwise.

2.4 Spectrum Efficiency

Spectrum efficiency describes the ability of a modulation scheme to accom-
modate a given data rate (unit bps) within a limited bandwidth of the carrier
(unit Hz) and this therefore has the unit of bps/Hz. The spectrum efficiency
values of several commonly used modulation schemes are listed in Tab.2.2.
Higher order modulation schemes can support higher data rates; however, a
higher bit error probability would be expected at the same signal to noise
ratio. The bit error probabilities of various modulation schemes are given
[6], by

Q(x) =
1√
2π

∞∫
x

e−y
2/2dy (2.8)

and Eb/N0 is a normalized signal-to-noise ratio (SNR) measure, also
known as the “SNR per bit”. Eb is the signal energy received per bit and
N0 is the spectral density of AWGN. Assuming the bandwidth is W and the
symbol duration Tsym, this yields
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Modulation Data Bandwidth Bit error
scheme rate efficiency η probabilities [7]

OOK 1.25 Gbps 0.5 bps/Hz Q(
√
Eb/N0)

BPSK 1.25 Gbps 0.5 bps/Hz Q(
√

2Eb/N0)
D-BPSK 1.25 Gbps 0.5 bps/Hz 0.5e−Eb/N0

QPSK 2.5 Gbps 1 bps/Hz Q(
√

2Eb/N0)
D-QPSK 2.5 Gbps 1 bps/Hz 0.5e−Eb/N0

16-QAM 5 Gbps 2 bps/Hz 0.375Q(
√

2Eb/5N0)

Table 2.3: Spectrum Efficiency and Bit Error Probability for common mod-
ulation schemes

Figure 2.5: The theoretical BER curve of common modulation schemes
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SNR =
PSignal
PNoise

=
Eb ∗Rb

N0W

=
Rb

W

Eb
N0

= η
Eb
N0

(2.9)

where η is the bandwidth efficiency.
The theoretical BER curves of different schemes are plotted in Fig. 2.6.

We can see that the best performance of these schemes are BPSK and QPSK
with coherent detection followed by D-BPSK and D-QPSK, 16-QAM, and
non-coherent OOK. [6]
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Chapter 3
Implementation of OOK Modulator
and Demodulator

The OOK modulation has low spectrum efficiency and requires high signal-
to-noise ratio to achieve certain BER. The main advantage of this modula-
tion scheme is the simplicity of implementation. In this chapter, different
approaches of OOK modulator and demodulator implementations are intro-
duced and discussed.

3.1 MMIC-based OOK modulator

An OOK modulator is, in principle, a device which turns on and off a carrier
signal depending on the input data. There are several different structures for
building such a functional block. An overview of different OOK modulator
solutions are described and discussed as following.

3.1.1 Impulse-radio-type OOK modulator

The concept of an impulse radio provides a method for implementing an
OOK modulator without having a carrier generator. A block diagram and
operating waveform of an impulse-radio-type OOK modulator are depicted in
Fig. 3.1. This modulator is comprised of a pulse generator and a band-pass
filter (BPF). The time domain waveform and frequency domain spectrum
of the pulse generator output and the BPF output are presented below the
block diagram.

The binary data stream (“1011”) is input directly to the pulse generator,
which generates a narrow pulse when input data is “1”. This narrow pulse is

17
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Figure 3.1: The block diagram and waveforms in time- and frequency-domain
of a impulse-radio-type OOK modulator

normally referred to as a monocycle [8]. After the BPF, an OOK modulated
signal is generated. The time domain waveform of the modulated signal
shows high frequency waves (the carrier). This can be explained in the
frequency domain. The monocycle occupies a large band in spectrum [9].
By applying a BPF, the energy which is outside of the carrier frequency
band of interest is filtered out. The monocycle signal turned into a relative
narrow band signal, whose center frequency is defined by the BPF.

The advantage of this structure is that there is no need for a local oscil-
lator. However, in order to transmit signal at a high frequncy (e.g 50 GHz),
the pulse generator must be capable of generating a pulse narrower than 20
ps.

3.1.2 RF-Switch-type OOK modulator

Another approach to implement an OOK modulator is using a CW (con-
tinuous wave) signal source and an RF-switch, which is controlled by the
data. The block diagram of this type of OOK modulator is shown in Fig.
3.2. The important figures of merit of this modulator are the maximum data
rate, the insertion loss, the off-state isolation, and the frequency range of
the carrier. RF switches can be implemented in different technologies. The
preformance of recently-reported OOK modulators are summarized in Tab.
3.1. There are several approaches to implement the switching function. An
amplifier can be used as an RF switch, though the range of carrier frequency
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Figure 3.2: The block diagram and operating waveform of a RF switch type
OOK modulator

Figure 3.3: The function diagram of latch-based OOK modulator

is limited. By switching on and off the DC-supply to the power amplifier, the
data can be modulated onto the carrier [10] [11] [12]. For applications which
require a wide range of carrier frequencies, a traveling-wave amplifier (TWA)
structure would be used [13] [14] [15]. The problem with these solutions is
that the off-state isolation is often not sufficient. To improve the isolation,
another approach is to switch the carrier oscillator on and off [16]. The data
rate, however, is limited due to the time it takes to start up an oscillation.
A method of improving isolation is present in [17], in which a differential
amplifier is used. At the off-state, the differential output is added to cancel
the leakage of carrier. In [Paper A], a new OOK modulator structure is pro-
posed. An emitter-coupled latch is adopted to improve the isolation in the
off-state. High data rate is achieved with this circuit than with alternative
approaches the other reported.

3.1.3 Latch based high data rate OOK modulator

Referring to Tab. 3.1, an OOK modulator is normally implemented by a field-
effect transistor (FET), since a bipolar transistor is not as efficient as a FET
device when it is used as a switch. The proposed OOK modulator structure
is depicted in Fig. 3.3, which can be implemented in either bipolar or FET
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Ref Technology Frequency Data rate Isolation Approach
(GHz) (Gbps) (dBc)

[10] 90 nm 60 2 28.4 Switching PA
CMOS

[13] 90 nm 60 8 26.6 Switching TWA
CMOS

[14] 0.4 um DC - 110 1 26.5 Switching TWA
FET

[15] 0.1 um 120 10 20 Switching TWA
InP HEMT

[11] 90 nm 60 2 28.4 Switching Amplifier
CMOS

[12] 90 nm 60 2.5 16 Switching Amplifier
CMOS

[16] 130 nm 45 - 46 0.15 50 Switching LO
CMOS

[17] 90 nm 60 3.5 - Differential Cancelation
CMOS

[Paper A] 1.4 um DC - 28 14 27 ECL+ latch
GaAs HBT

Table 3.1: Comparison of previously reported RF-switch-type OOK modu-
lator

2

1

3
4

Q1
Q2 Q3

Q4 Q5
Q6 Q7

Q8

Q9

Q10
Q11 Q12

Q13
Q14

R2R1R3

R4

Output

Carrier
input

Data
input

50 Ω

50 Ω

70
Ω

70
Ω

-5 V -5 V-5 V
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Figure 3.5: Measured time domain waveform of 14-Gbps data modulated on
a 18-GHz carrier

technology. The modulator contains an amplifier and a latch block. The bias
current through them is controlled by an emitter-coupled pair (ECP) which,
in turn, is controlled by the input data. An RF carrier signal is applied to
the input of the amplifier and the data is applied to the ECP. When the
current supply of the amplifier part is switched on, the modulator is in its
on-state and the carrier is amplified and passed to the output ports. When
the current supply of the latch is switched on, the amplifier block is turned
off and a constant voltage is delivered from the latch to the output port.
The switching function is thus realized by the ECP together with the latch,
eliminating the need for an RF switch.

A proof-of-concept OOK modulator is designed and fabricated in a com-
mercial GaAs HBT process [18]. The HBT device used has a transient fre-
quency ft=55 GHz and a maximum oscillation frequency fMax = 63 GHz.
All HBTs used in this design are single emitter device with emitter size of
1 um × 10 um. The schematic of the design is shown in Fig. 3.4. Q1 − Q4

form the amplifier block, and Q5−Q8 form the latch block. Q9−Q14 provide
bias according to the input data. The design requires only a negative 5 V
bias, emitter followers are used to feed signal and provide bias for the next
stages.

To verify the performance of the OOK modulator, both time domain
and frequency domain measurement are carried out. The time domain mea-
surement is to determine the maximum data rate this OOK modulator can
support. In the frequency domain measurement, the maximum carrier fre-
quency this OOK modulator can support can be determined.

Fig. 3.5 shows the measured time domain waveform of an 18 GHz carrier
signal modulated by a 14 Gbps data signal. The upper waveform is the
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Figure 3.6: Measured and simulated of insertion loss and isolation

input data, and the lower waveform is the modulated signal. The peak-to-
peak voltage level of the modulated signal at the on- and off- states are 270
mV and 49 mV, respectively, which corresponds to -7.4 dBm and -22.2 dB;
a 14.8 dB on- /off- ratio is achieved.

In the frequency domain measurement, a 0 dBm carrier is input, and
the output is measured when the data input is keep at logic “1” or logic
“0”. By changing the frequency of the carrier, the insertion loss (at the on-
state) and the isolation (at the off- state) are obtained. The comparison
between measurement and simulation is presented in Fig. 3.6. When the
18 GHz carrier is input, the measured insertion loss is -12 dBc and isolation
is -27 dBc. This indicates a 15 dB on- /off- ratio, which agrees with the
time domain measurement. The frequency domain measurement shows the
isolation is better than 27 dB over the operation band. However, a high
insertion loss is observed when carrier frequency is larger than 15 GHz. The
insertion loss is related to the gain of the differential amplifier. Utilizing
inductors as collector loads instead of the resistors R1 and R2 may reduce
the insertion loss and increase the bandwidth.

Comparing with previously reported results in Tab. 3.1, this design can
support a higher data rate while maintaining good isolation.
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3.2 MMIC-based OOK demodulator

3.2.1 OOK demodulation solutions

An OOK modulated signal can be demodulated easily using an envelope
detector, which can estimate the RF power of the input signal. An envelope
detector can be implemented using bipolar [19], Schottky-diode, [20] or FET
[21] devices. In [Paper C], we presented two envelope detector designs in a
0.15 µm mHEMT process; one is a Schottky diode passive detector and the
other is an active FET detector. The Schottky diode detector has a detection
bandwidth from 40 to 60 GHz and a sensitivity of 500 V/W achieved at 60
GHz. The active detector has a wider detection bandwidth from 10 to 60
GHz.

3.2.2 mHEMT active envelope detector

The schematic of the mHEMT based active envelope detector is shown in
Fig. 3.7. The modulated signal is input at the gate of a 2 × 20 um mHEMT
device through a capacitor C1 in series with a resistor R2 (37 Ω). The drain
quiescent current IDD is controlled by the gate bias voltage VGG. The drain
is connected through R4 (750 Ω) to VDD. The capacitor C2 (0.66 pF ) is part
of the low pass filter (LPF). VGG is normally set near the pinch-off voltage
of the device. When there is a cetain RF signal input into the detector, the
FET device conducts half cycle of the RF signal, and the LPF slowly follows
the envelope of the RF signal, which gives a voltage drop from VDD. When
there is no RF signal input, the device is close to pinch-off and the output
is nearly VDD. The characteristic of the active detector was simulated as a
function of frequency and bias conditions. The optimum bias is VDD = 2V
and IDD = 200µA.

3.2.3 Detector measurement

The transfer function of the detector can be characterized by Eq. 3.1,

Vout = VDD − f(Pin) (3.1)

where f(Pin) is a Quasi-linear monotonically increasing function. The
most straghtforward approach to measure f(Pin), is to measure the output
DC with a certain RF input signal. For low RF-powers, the output of the
detector can be characterized by a lock-in amplifier.



24 IMPLEMENTATION OF OOK MODULATOR AND DEMODULATOR

Figure 3.7: The schematic of the mHEMT based active envelope detector

Figure 3.8: The measurement setup for the envelope detector
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Figure 3.9: Output incremental voltage as a function of input power and
frequency
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Figure 3.10: Eye diagram of the demodulated signal

The measurement setup is shown in Fig. 3.8. An RF carrier with a certain
frequency and power Pin, is input to an RF switch, which switches on- and
off- under the control of a synchronization clock (around 1 kHz, which is the
maximum synchronization rate of the instrument). Thus, the output of the
detector is a square wave whose highest voltage is Vdd, and lowest voltage is
related with the input power. Instead of measuring Vout, we now measure
∆Vout and its relationship with ∆Pin. The lock-in amplifier measures the
detector output with the synchronization clock as an additional input. By
averaging the output according to the timing indicted by the synchronization
clock, it can measure the peak-to-peak voltage of a signal down to uV level.
The measurement result of the envelope detector is plotted in Fig. 3.9.
The measurement shows linear operation from the lowest power up to -10
dBm, and the detector operates from 10 GHz up to 60 GHz. The maximum
sensitivity at 20 GHz is 2800 V/W.

3.3 OOK link modem test

A 10 Gbps data signal is modulated on a 24 GHz carrier using the modulator
described in [Paper A] and the active envelope detector [Paper C] is used for
demodulation. Fig.3.10 shows the eye diagram of the demodulated signal.
The eye opening is 100 mV in amplitude with clear transition, which indicates
a good signal quality.



Chapter 4
Implementation of D-QPSK modem

4.1 D-QPSK modulator

4.1.1 2.5 Gbps D-QPSK modulator

The coding rule of the differential-QPSK is shown in Tab. 2.5. This indi-
cates that the signals of I and Q are generated according not only the input
data, but also to the previous state of the I and Q signals. A possible im-
plementation of a D-QPSK modulator is shown in Fig. 4.1. The input data
are packed into 2-bit groups, the differential encoder takes the states of the
I and Q signal and changes them based on the 2-bit input data according to
the coding rule. Then the new I and Q signals are generated which would be
modulated onto a IF (intermediate frequency) by two mixers. This topology
has the limitation that the symbol delay component can be difficult to im-
plement on a PCB (printed circuit board), especially for a data rate higher

Figure 4.1: A topology of the D-QPSK modulator

27
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Figure 4.2: A topology of the FPGA based 2.5 Gbps D-QPSK modulator

than 2.5 Gbps. At the data rate of 2.5 Gbps, the symbol delay is 800 ps. In
this topology, I, Q, Ī and Q̄ need to be fed back to the encoder via four paths
with identical length. This is hard to achieve on a PCB design. To solve this
problem, an FPGA based 2.5 Gbps D-QPSK modulator is proposed in [Pa-
per D], where there is no need for feedback. The topology of this modulator
is shown in Fig. 4.2. In this topology, a 1:16 DeMUX is used to split the
high speed serial stream into lower speed data groups. The feedback path
is replaced by a switch, which is controlled by a 2 bit memory cell (storing
last symbol information). The differential encoder is implemented by two
ROMs (read-only memory) which store the encoded output for all possible
inputs. This topology is proven to work at 2.5 Gbps data rate, however,
at higher data rates, a DeMUX with wider output bit-width is needed, and
the input bit-width of the ROM would be increased correspondingly. Thus
this topology is not data rate scalable, due to limited ROM resources in an
FPGA.

4.1.2 5 Gbps D-QPSK modulator

To increase the data rate, a new method for differential encoding needs to
be developed. The function of the encoder can be described mathematically
as:

Assuming a 1:20 DeMUX is used in the high speed differential encoder,
a group of 20-bit input data [b0, b1, ..., b19], is divided into 10 groups of 2-
bit symbol, [sym0, sym1, ..., sym9]. According to the differential coding rule,
the symbol information is converted as carrier phase difference between two
adjacent symbols [∆Φ0,∆Φ1, ...∆Φ9]. Assuming that the initial carrier phase
is Φint, then the k-th carrier phase is given by:
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Figure 4.3: Structure of the PPL differential encoder

Φk = Φint +
k∑
i=0

∆Φi (4.1)

where ∆Φi ∈ [0.5π, π, 1.5π, 0] and each Φk represents a group of Ik, Qk ∈
[−1, 1]. In [Paper B], we proposed an improved algorithm, called parallel
prefix layer (PPL), which can increase the speed of calculation, thereby saving
operation time and hardware resources. The principle of the PPL is that the
calculation is divided into several steps. In the earlier calculation steps, some
“intermediate” calculation results are generated. These results are reused in
later calculation steps. The results which are frequently used are calculated
in high priority. By sharing such intermediate results, repetitive calculation
is avoided, thus the encoding process is more efficient.

The structure of the PPL is depicted in Fig. 4.3. The phase difference
data [∆Φ0,∆Φ1, ...∆Φ9] are input from the top. The outputs are obtained at
the bottom of the PPL. To calculate 20-bit output (10 symbols), a four-layer
PPL is needed. In Fig. 4.3, a notation is introduced, at the bottom of each
layer, as:
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[n,m] =
m∑
i=n

∆φi (4.1)

i.e. in layer 1, [1:4] represents the phase-sum:
∑4

i=1 ∆Φi. We will con-
tinue using this notation in the following text, instead of the mathematic
expression.

To explain how the PPL works, we take the calculation of Φ9 as an
example. According to Eq. 4.1, Φ9 requires adding up 10 terms. At layer
0, at odd nodes, input data simply passes through; at even nodes, the sum
of two inputs are obtained as intermediate results, such as [1:2], [3:4], ... ,
[9:10]. At layer 1, [1:4] and [5:8] are calculated by combining some of the
outputs of layer 0. At layer 2, [1:8] is calculated and in layer 3 this value
would later combine with ∆Φ9 and Φint, thus the final output is obtained
at the output of layer 3. The intermediate results in the middle layers are
shared for calculating different outputs. Φ9 is obtained at the final layer, but
other output can be generated by passing through only 1 or 2 layers. For
instance, the output of Φ8 can be obtain at the output of the second layer.

The PPL-based modulator structure is plotted in Fig. 4.4. The data are
first converted into the form of phase differences ∆Φ, then passed through
different layers. Finally the encoded phase data are converted into I and Q
data. Each layer has independent registers to store the intermediate results;
the register are updated synchronously using a clock which is 1/20 of the
data rate. The FPGA embedded DeMUX is designed in a way that the rate
of the DeMUX output is slow enough for the internal FPGA logic gates to
handle the data stream. As long as the DeMUX can support, there is no
data rate limitation using the PPL structure.

4.2 D-QPSK demodulator

As discussed in section 2.3.2, the data information can be detected by com-
paring phase differences of two adjacent symbols of the received signal. In
the case of D-QPSK modulation, two data bits need to be recovered from this
detection. The demodulator structure proposed in [Paper D] is presented in
Fig. 4.5(a). First, the received signal is split into two branches. In the upper
branch, the signal is delayed by one symbol period and is compared with its
replica with 45 degree phase shift. A mixer and LPF (low-pass filter) are
used as a phase detector. The upper branch gives high output when two
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Figure 4.4: PPL-based modulator

adjacent symbols are 0 - 90 degree out of phase; and gives low output when
the phase difference is 180 - 270 degree. The lower branch has same struc-
ture except a -45 degree phase shift is applied instead of 45 degrees, which
gives high output when two adjacent symbols are 270 - 360 degrees out of
phase and gives low when the phase difference is 90 -180. The upper branch
recovers the second data bit as in Tab. 2.5, and the lower branch recovers
the first data bit.

The structure requires two delay elements, which should be identical, and
a 45 degree phase shifter is not a standard component. This results in dif-
ficulty in setting up such a demodulator. Another demodulator structure
is proposed in [Paper B], as shown in Fig. 4.5(b). The improvements are:
first, the 45 and -45 degree phase shifters are replaced by a 90-degree coupler
which is a standard component; second, two symbol delay elements are com-
bined into one delay element, which eliminates a potential mismatch problem
between the two delay elements. In this demodulator, the delay element is
tuned to provide a symbol period time delay and 45-degree phase shift at IF
frequency. Thus, the structure is equivalent to the one shown in Fig. 4.5(a).
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(a)

(b)

Figure 4.5: Alternative implementations of a D-QPSK demodulator
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Figure 4.6: The setup of the D-QPSK testbench

4.3 D-QPSK modem test

The setup of the testbench for the D-QPSK modem is depicted in Fig. 4.6.
A pattern generator and an error detector are used to generate data and
verify the bit error performance of the modem. The modulator IF output
is directly connected to the input of the demodulator. The FPGA provides
the differential encoding function as well as the 2:1 MUX function. The LO
signal is provided by a synthesizer, and two mixers are used as IQ modulator.
The waveform of 2.5 Gbaud coded Q output is shown in the upper part of
Fig. 4.6, and the waveform of 2.5 Gbps recovered bit stream from the LPF
output is shown in the lower part.

4.4 5 Gbps D-QPSK E-band Radio

Based on the 5 Gbps modem, a 5 Gbps D-QPSK E-band Radio demonstrator
is implement and tested.

The structure of the full duplex D-QPSK E-band radio is illustrated in
Fig. 4.7(a); the upper part is the transmitter and the lower part is the
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receiver. A single fiber operating at STM-16 (Synchronous Transport Module
level-16) transmission standard gives 2.488 Gbps data throughput. In the
transmitter, two of these fibers are connected to the fiber interface on the
FPGA, inside the FPGA these two data streams are interleaved as a 5 Gbps
data stream. The differential encoder converts this data stream into I and
Q signal, which are modulated onto a 10 GHz IF by an IQ modulator. A
commercial E-band module is used to convert the 10 GHz IF signal to the
upper (81- 86 GHz) or lower (71- 76 GHz) band of E-band. In the receiver,
the E-band module downconverts the RF to an IF signal, and the analog
demodulator is used to recover the transmitted data.

A photo of the lab test bench of this radio is shown in Fig. 4.7(b). The
radios are connected through a E-band attenuator. The test shows the radio
can achieve error-free transmission.
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(a) Full duplex D-QPSK E-band radio structure

(b)

Figure 4.7: D-QPSK E-band point-to-point radio demonstrator



36 IMPLEMENTATION OF D-QPSK MODEM



Chapter 5
Conclusion and Future Work

5.1 Conclusion

This thesis presents design and implementation of high data rate modems
for the modulation schemes: OOK and D-QPSK.

An OOK modem is implemented in an MMIC process, and supports over
10 Gbps data transmission. The modem is compact and its power consump-
tion is low. However, to achieve high data rate, a huge RF bandwidth is
required. The process used for implementing the OOK modulator has a
relative low ft and fMax, which limits the maximum carrier frequency the
modulator can handle. Because of this, this modulator is only a prove-of-
concept design. It would be interesting to implement this modulator using
a process with higher ft and fMax, in order to increase the carrier frequency
into the mm-wave/ submmwave reigon where bandwidth is huge.

Two FPGA-based D-QPSK modem solutions are also presented in this
thesis, which support 2.5 Gbps and 5 Gbps data rate, respectively. These
modems are designed and implemented using an FPGA and off-the-shelf
microwave components. The 2.5-Gbps D-QPSK modem is a proof-of-concept
design, which is practically difficult to scale up to higher data rates. To
increase the data rate, modifications are made both on the algorithm and
hardware structure. Thus, the 5 Gbps modem can be scaled up to higher
data rates. Based on this modem and a commercial E-band module, point-to-
point radio for mobile backhaul application is demonstrated. Compared with
the OOK modem, the FPGA-based modem is however bulky and consumes
much more power.

37
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5.2 Future Work

The presented work in this thesis will be continued in the following directions:

1. Development of a higher modulation scheme
To achieve 10 Gbps full-duplex transmission on E-band (5 GHz avail-
able bandwidth), high order modulation scheme (at least 16 QAM)
needs to be used. However, using QAM modulation requires coherent
detection. Thus a carrier recovery algorithm needs to be designed and
verified.

2. Development of a MMIC-based QPSK modem
As mentioned above, the FPGA-based modem consumes large amount
of power, and the integration level of this solution is low. Implementing
a D-QPSK modem in a MMIC process can reduce the power consump-
tion, and the integration level of the design can be increased.

3. Improvements of the MMIC-based OOK modem
The OOK modulator proposed in this thesis does not operate well at
a high carrier frequency. At 120 GHz or 220 GHz, more bandwidth is
available, which allows high data rate transmission. It is interesting to
explore how well the OOK modem works at these very high frequencies
using a cutting-edge MMIC technology.
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