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ABSTRACT

This research focuses on the design and implementation of a digital active phase
modulator path of a polar transmitter in the case of orthogonal frequency division
multiplex WLAN application. The phase modulation path of the polar transmit-
ter provides a constant envelope phase modulated signal to the Power amplifier
(PA) , operating in nonlinear high efficient switching mode. The core design of the
phase modulator is based on linear vector-sum phase shifting topology to differential
quadrature input signals. The active phase shifter consists of a DAC that generates
binary weighted currents for I and Q branches and differential signed adder that
vector-sums the generated quadrature currents to generate the phase at the output.6
bits control the phase shifter, creating 64 states with the resolution of 5.625° for the
whole 360°. The linear (binary weighted) vector-sum technique generates a reduc-
tion in the resultant amplitude that should be taken into consideration in case of
nonlinear PA in polar transmission. On the other hand, the digital phase informa-
tion is applied as the control bits to the phase shifter that determine the weightings
and the signs of the I and Q vectors. The key point is the operation of the phase
modulator in terms of phase accuracy, with the wideband modulation standard such
as OFDM WLAN.

A technique has been proposed to enable the polar phase modulator to operate
with a real-time wideband data and to compensate for the phase shifter output
reduction. Since the reduction in gain is due to vector sum resultant of I and Q
currents, it is compensated by modifying the I and Q currents for each 64 phase
states. The design is implemented using 0.18 um CMOS technology and measured
with maximum data rate of 64 QAM,OFDM modulation of WLAN standard. The
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output amplitude of the phase shifter with the correction technique is approximately
constant over the 64 states with maximum variation of 3.5mv from the constant peak
to peak value. The maximum achieved phase error is about 2 ° with a maximum DNL

of 0.257.
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1. INTRODUCTION

It is critical to increase the power efficiency while minimizing the off-chip com-
ponents for any radio frequency transmitter [15], [16]. Peak power efficiency of a RF
transmitter directly determines the size of the power supply and heat dissipation,
therefore playing a forceful part on final product miniaturization factor, reliability,
yield, and cost [17],[6]. The efficiency of a transmitter system can be remarkably
improved by using a highly efficient nonlinear RF power amplifier [18] [19]. Nonlin-
ear Saturated or switch-mode PAs are more efficient than linear PAs and they may
be fabricated easier on silicon since the driver stages do not need to be linear. The
nonlinear PAs are also less noisy and less sensitive to changes in operating points
caused by process-voltage-temperature (PVT) variations [16].

A high efficiency TX architecture utilizes the polar modulation techniques with
nonlinear PAs, where the base-band signal is modulated in amplitude and phase do-
main (polar) instead of cartesian in-phase and quadrature (I and Q) domain [20] [21].
The resultant TX system is then called ” polar transmitter”. A number of recent polar
transmitters have demonstrated their advantage through highly-integration systems
22], [23], [24],[25], but only for narrow band modulation standards such as GSM-
EDGE. More recently, [26] [27] [28] polar architecture has migrated to wideband
standards like WLAN.

The TEEE802.11a , WLAN standard allows high-speed wireless communication
with maximum data rate of 54 Mb/s. Figure 1.1 shows the IEEE802.11a air interface
and OFDM channelization [1]. It can be seen that the higher data rates employ
condenser modulation schemes like OFDM. Also, wireless systems use OFDM to

minimize the delay spread for higher data rates. On the other hand, using high
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Figure 1.1: IEEE802.11a air interface and OFDM channelization

speed modulation results in tougher requirements on the TX and RX design. OFDM
scheme forces severe linearity requirements on the power amplifiers. This is because
the subcarriers shown in the OFDM channelization, are summed at the final stage
of the whole system before the PA and the summation may be constructive for some
points, creating a large amplitude, or destructive for some other points, generating a
small amplitude. In other words, the peak to average ratio (PAR)that can be defined

as the ratio of the largest value of the square of the signal divided by the average
Max[2?(t)]

, as illustrated in Figure 1.2 as
z2(t)

value of the square of the signal, PAR =

large amplitude variation due to OFDM [1].

In Polar transmitters, the phase modulation is amplified separate from the ampli-
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Figure 1.2: Large amplitude variation due to OFDM

tude envelope. So, the high level amplitude modulation that requires sever linearity
specifications is accomplished by the amplitude modulation path and the resultant
modulated amplitude is fed as the supply to the PA. Also, the phase path gen-
erates a constant envelope phase modulated signal with no linearity requirements
which would be the input signals of the PA. As a result, PA that is in the nonlinear
switching-mode, amplifies a constant envelope phase signal and the amplitude infor-
mation is restored by the supply. There are various implementation techniques for
polar transmitters such as using digitally controlled-PLL [4], pulse-modulation using
a PWM generator [29] both for WCDMA applications, using Envelope Tracking (ET)
for WIMAX, or digitally normalized I/Q vector summing [9] for OFDM transmitter.
The proposed transmitter architecture is based on the last one for OFDM WLAN.
The focus of this research is on the design of the phase modulation path of the
polar transmitter, creating a constant envelope phase modulated for the WLAN
OFDM signal with the maximum data rate of 54 Mb/s. The are different types of
phase shifting techniques including LC-based using distributed switches [11], con-
tinuous all-pass networks [12], switch-typed phase shifter with integrated VGA [13],
and active vector sum [14], [30]. Most of the phase shifting architectures are imple-

mented for phased-array applications. Phase shifters in phased-array systems are as



beam-steering elements and the real-time high speed phase response is not required.
Whereas, for WLAN OFDM signal with high data rate, a modified version of the
vector-sum architecture is needed to handle the high-speed data. Also, due to the
nature of quadrature vector sum architecture in linear mode,[30] and [14], there will
be an amplitude reduction at the resultant output of the phase shifter. This change
in the output amplitude is detrimental in the case of phase modulated signal for
polar transmitter, since the whole purpose of employing nonlinear efficient PA is to
amplify a constant envelope phase signal. For these two reasons, the vector sum
architecture with a correction block is design to provide the constant envelope phase

signal for the maximum data rate of WLAN OFDM signal with high phase accuracy.



2. POLAR MODULATION AND EER

2.1 Polar transmitter and EER concept

Modern wireless data communications have been dominated by the tight compro-
mise between spectral and supply power efficiency for a given transmission data rate.
This led to complex modulation formats where amplitude and phase modulation are
combined to code the source symbols. To achieve that, in-phase and quadrature
(I/Q) versions of the RF carrier are simultaneously modulated with the appropriate
real and imaginary components of the low-pass equivalent modulating envelope in
an 1/Q modulator. These two RF modulated signals are then combined to generate
the desired AM and PM modulation format, which is then processed by a suppos-
edly linear RF power amplifier (PA). This architecture is known as the Cartesian
topology to distinguish it from the more recently investigated polar architecture.
Unfortunately, this Cartesian architecture has an important drawback in power sup-
ply efficiency because high fidelity of amplitude modulation formats require highly
linear, but, unfortunately, inefficient, class-A or class-AB PAs [31].

A modulation technique originally called ”Envelope elimination and restoration”
(EER) [32], also known as Khan technique circumvents this difficulty representing the
complex envelope using amplitude and phase signals, respectively. The key concept of
this approach is that the modulation is accomplished by a process in which the phase
modulation component is amplified separate from amplitude envelope which will be
restored at the final amplifier. This method offers very high efficient transmitters
because of the ability to work with a highly nonlinear output stage. EER approach
is more recently known as ”polar modulation” because of processing the signal in

the form of a envelope and phase component.



Polar modulation can operate in either a closed-loop or open-loop mode, and the
resulting TX system is typically called as "polar transmitter”. When one restricts
the polar operation to the signal modulator only but not extending it to the high-
power PA | the transmitter is called a ”small-signal polar transmitter” or a ”polar lite
transmitter”. In this case, the amplitude modulation AM signal at the output of the
[/Q modulator can be read off from an AM detector or directly generated digitally at
the baseband and then fed into the voltage control input of a variable gain amplifier
VGA. The VGA will recreate the amplitude modulation by varying the signal level to
the input of a linear PA. Therefore for the small-signal polar operation, the AM and
phase modulated PM signals are recombined at the VGA. If, however, the AM and
PM signals are recombined at the high-power PA (often off-chip), the transmitter is
called as a "large-signal polar transmitter” or a ”direct polar transmitter”. When a
polar transmitter applies closed-loop feedback control of both AM and PM portions
of the signal from the high-power PA output, this closed-loop transmitter is called
a "large-signal closed-loop polar transmitter” or simply a "polar loop transmitter”.
Strictly speaking, a polar loop TX system can use either large-signal or small-signal
polar modulation and can have one or two feedback paths for AM and/or PM signals.

In general, the advantages of a large-signal polar transmitter include the improved
PA efficiency, reduced wideband output noise floor (leading to elimination of bulky
off-chip filters), and reduced sensitivity to PA oscillation with varying output load
impedance over those of a linear PA system. Large-signal polar transmitters have
recently demonstrated impressive results using the 57-year-old Envelope-Elimination-
and-Restoration (EER; i.e., Kahn’s technique) where the output power is directly
modulated by the drain/collector voltage of the highly efficient nonlinear PA (i.e.,
”plate modulation”). In the past, polar transmitters were mostly used for high-power

base station applications to effectively reduce heat dissipation; however, they have



recently become very successful for wireless handset TX design in volume production
due to their significant better efficiency and lower cost [6].

Considering a band-pass signal as Vi, (t) = Vene(t)cos[wot + ¢(t)], the envelope
component V,,,(t) and the phase component ¢(¢) can be decomposed into envelope
and phase signals. As shown in Figure 2.1,the block diagram of envelope elimination
and restoration, a limiter eliminates the envelope, producing a constant-amplitude,
phase-modulated carrier. The detected envelope is then amplified separately. The
results of phase and amplitude paths are recombined by the amplitude modulation
of the final RF power amplifier that restores the envelope to the phase-modulated
carrier.

The envelope detector generates the amplitude envelope V,,,,(t) and a limiter pro-
duces the phase signal, containing the carrier, Vppase(t) = Vocos|wot + ¢(t)]. The key
point is that the final stage amplifies a constant-envelope phase signal and therefore
can be nonlinear that will make the design highly efficient. Nonlinear RF power
amplifiers (e.g., classes C, D, E, and F) offer more efficiency than linear PAs like
classes A and B. High-efficiency high-level amplitude modulation is accomplished by
AF power amplifier in class-S or -G , such as DC-DC converter, [33] while a class
E/F amplifier, such as switching PA in class E amplifies the constant-envelope phase
signal.

Finally, the recombination of phase and envelope paths is typically performed by
applying the envelope signal to the supply voltage of the switching PA such that the
output swing becomes a function of Vpp. So, to restore the amplitude, the supply
voltage of the switching PA is modulated by the AM signal. Thereby, although the
PA itself is operated in a nonlinear high-efficiency mode, the total transmitter shows

linear behavior while maintaining the high efficiency.
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Figure 2.1: Block diagram of envelope elimination and restoration [1]

2.2 Polar modulation issues

From theoretical point of view, EER is a perfect system. However, it is followed
by a number of difficulties and issues in practice. The EER requires a coordinate
transform of the Cartesian digital in-phase and quadrature (I1&Q) signals to polar
amplitude (A) and phase-modulated RF ¢ signals. An ideal recombination of the
A and signals ¢ in the output stage of the transmitter yields perfect amplified 1&Q
signals in the output of the transmitter. However, any small mismatch of delay
between amplitude and phase paths or any bandwidth restrictions for both paths
reveals the dominant nonlinearity due to the coordinate transform [34]. Therefore,
the significant drawback of EER is that the transformation from Cartesian to polar

coordinates are nonlinear:

At) = 1(t)? + Q(t)? (2.1)

o(t) = tan™* % (2.2)



And amplitude and phase signals occupy wider bandwidths than the original Carte-
sian signal with in-phase (I) and quadrature (Q) components. While much of the
information of A resides at low frequencies, a much wider bandwidth is required to
reconstruct the original signal in Cartesian with sufficient precision [35]. The analog
(A) and digital (¢) signals with relatively wider bandwidths are processed by cir-
cuits with finite bandwidths; a power supply modulator limits the A signal and a
phase-locked loop (PLL) limits the phase signals. Therefore, A and ¢ are low-pass
filtered before recombination and information is lost that degrades the fidelity of the
recombined signal. To further study the imperfection of the conversion of I and Q
signals to polar signals, let’s consider the polar conversion is done all digitally in
the following way [2]. Instead of generating a ¢(t) signal, two signals I, = cos(¢(t))
and @y = sin(¢(t)) are used and each of these components are multiplied by we
that is the RF carrier. So, when using Cartesian 1 and @ signals, the complex

digital-modulated signal sp becomes:

sp(t) = I(t)cos(wet) + jQ(t)sin(wet) (2.3)

Consequently, The EER technique should produce the same digitally modulated
signal at the transmitter output. As mentioned earlier, the A(t) and ¢(¢) have a
much broader spectra than I and Q signals and after phase modulation, the phase

RF signal would becomes:

srr(t) = cos(o(t)) cos(wet) — sin(p(t)) sin(wet) = cos(wet + ¢(t)) (2.4)

Considering the ideal case that the switching PA operates as a multiplier, it gives
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Figure 2.2: (a) Vector diagram of I and Q noise signals, (b) Phase and frequency
variation of I and @ noise signals [2]

out the output signal as:

sp(t) = A(t)-Skrr(t) (2.5)
sp(t) = A(t).Reel?® 10 (2.6)
sp(t) = I(t)cos(wet) + jQ(t)sin(wet) (2.7)

As a result, in the ideal case the amplification is set to one and the sp(t) signal
is equal again in the transmitter’s output, thus, the spectra stays the same.

In reality, the spectral characteristic of the polar A(t) and ¢(t) signals can be
shown by the band limited Gaussian-noise-like signals, that have a Rayleigh ampli-
tude distribution. Figure 2.2 (a) shows the vectordiagram of I and Q) signals and (b)
phase and frequency variation of T and @ noise signals. As shown in Figure 2.2 (a),
the vector diagram of I and Q noise signals approaches to zero. This causes rapid
changes in the phase and angle that corresponds to frequency deviations, leading to
the frequency peaking shown in Figure 2.2 (b) phase and frequency variation of I

and Q noise signals.
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However, wedges or cusps of the amplitude signal and rapid phase changes of the
phase signal, produce broad spectra of either these signals, and also of the SRF(t)
signal. Also, the broader the spectra are, the worse the compensation in the PA
stage becomes and the more out-of-band(OOB) emission comes up. Out-of-band
emission is also known as adjacent channel power or spectral regrwoth. Thus, a
straightforward idea to avoid all those problems is to punch a hole into the vector
diagram.

It turns out that a "hole” in the vector diagram of the modulation scheme sig-
nificantly reduces the OOB emissions. In other words, the amplitude and phase
modulated are clipped to reduce the crest factor of the modulated signals. The
amount of the modulated signal below the clipping threshold defines a clipping sig-
nal which is shaped as Gaussian to fit the modulated signals spectra. After wards,
this clipping signal is added in vector mode to the I and Q signals and, thus, results in
a hole into vector diagram as shown in Figure 2.3 (a) an example of vector diagram of
complex noise with a "hole”. Accordingly, amplitude and phase frequency responses
are improved as shown in Figure 2.3 (b) the spectra of RF phase and modulated
digital RF signal and Figure 2.3 (c) spectra of the I, Q, and, A signals, respectively.

So, the amount of unwanted emissions depends on the type of digital modulation
used in the system and a modulation scheme that already has a "hole”, like digital
offset modulations, is better suited for EER techniques than others [2].

Another problem associated with EER is that the amplitude and phase paths de-
lays are different. The phase signal that is up converted to RF frequencies, experience
more delay than the amplitude path operating at lower frequencies. These delays
should be matched for accurate reconstruction of the original signal at the output of

the switching PA. Therefore, a very precise synchronization scheme is required.
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Figure 2.3: (a) Example of vector diagram of complex noise with a "hole”, (b) Spectra
of RF phase and modulated digital RF signal, (c) Spectra of the I, Q, and, A signals
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2.2.1 Nonlinear distortion of polar transmitters

Unfortunately, as any other engineering solution, polar architecture does not
follow an ideal distortion-free operation, presenting a series of nonlinear impairment
mechanisms. As aforementioned, two main sources of nonlinear distortion are finite
AM modulator bandwidth and differential delay between the output amplitude a,(t)
modulated signal and the phase ¢, () modulated carrier [33]. However, there are also
other sources such as the amplitude signal a,(t) to a,(t) 