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Abstract

To accurately set the output power of a power amplifier in handsets, a power control loop is
often used. A coupler before the antenna senses a fraction of the output Radio Frequency (RF)
signal and feeds it to the input of a logarithmic amplifier (log-amp) detector. The output of
this device is proportional to the logarithm of the average peak value of the RF input signal.
Knowledge about the modulation type employed, allows accurate calculation and control of
the transmitted power.

Most log-amp detectors are made in bipolar processes for RF performance. However, due to
the recent advancement in RF performance of analog CMOS technologies, designing a log-amp
detector in CMOS becomes more attractive in terms of cost and integration in handsets. The
designed prototype Integrated Circuit (IC) demonstrates that a temperature compensated
log-amp RF power detector can be designed using standard 0.18 um CMOS technology.

A total of 24 samples have been measured. All samples handle an input power ranging
from -50 to +10 dBm for RF input signals ranging from 100 MHz to 1.8 GHz. A typical
dynamic range of 38 dB for a +1dB log-conformance error was achieved. Up to 900 MHz the
temperature drift is never larger than £1.1 dB for all 24 measured samples over a temperature
range from -40 to +85°C. The current consumption is 6.3 mA from an 1.8 V power supply and
the chip area spans 0.76 mm?. Apart from the limited bandwidth of the IC, dynamic range
and temperature performance proved to be similar to products from the major companies on
the analog market.

Newer CMOS nodes were tested to get an understanding of the scalability of this design.
Simulations show that using 65 nm CMOS technology the bandwidth can be increased signif-
icantly (up to 3X) while attaining the same power consumption.

A new temperature scheme was introduced, which uses a Proportional To Mobility (PTM)
biasing scheme to stabilize the output of the log-amp detector over temperature. Simulations
show that using the PTM scheme the temperature drift is within £0.8dB for RF input
frequencies up to 900 MHz .
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Preface

As part of my master Microelectronics I did an one-year internship at Texas Instruments.
Dr.ir A. van Staveren suggested me to design a log-amp RF power detector in 0.18 yum CMOS
technology. The measurement data of this Integrated Circuit (IC) would provide a data point
on the bandwidth and temperature performance of this technology node. Extrapolating the
bandwidth performance for newer technology nodes would provide a basis on the feasibility
of a commercial CMOS log-amp detector.
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Chapter 1

Introduction

The output of a logarithmic amplifier (log-amp) detector is proportional to the logarithm of
the average peak value of the RF input signal.

Application Log-amp detectors are mainly used in the telecommunication business. In both
mobile phones and base stations it is important to control the output power of the Power

Amplifier (PA) to [6]:

e Keep the output power of a PA within the specifications of the desired broadcast stan-
dard

e Prevent interference from handset to handset
e Minimize power consumption in handset
e Prevent inter-modulation in base station receivers

e Measure the power of an input signal in a spectrum analyzer

The log-amp detector in this thesis is designed as part of a power control loop. The output
power of a PA inside a handset can not be set accurately enough within an output power
range of £2dB, as required by the modulation standards [6]. Therefore, a negative feedback
control loop is used as shown in Figure 1-1. The coupler senses a portion of the output
Radio Frequency (RF) signal going to the antenna, which will be subsequently measured by
the log-amp detector. The digital control block senses the output of the log-amp detector to
regulate the PA output power to the desired value.

Design Goal Most log-amp detectors are made in bipolar processes for RF performance.
However, due to the recent advancement in RF performance of analog CMOS technologies,
designing a log-amp detector in CMOS becomes more attractive in terms of cost and integra-
tion in handsets.
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2 Introduction

The specifications for a log-amp power detector for mobile handset use can be extracted
from cellular wireless standards such as GSM/CDMA /EDGE/WCDMA. Typically a Dynamic
Range (DR) of >30dB is needed, at carrier frequencies ranging from 700 MHz up to 2.1 GHz.
However, due to the relatively old CMOS node of 180 nm the Bandwidth (BW) will be limited.
Therefore, the BW specification is set to 900 MHz, a carrier frequency which is used in the
GSM and LTE broadcast standards.

RF power detectors for handsets have an industry temperature range of -40 to 85°C, for which
the typical temperature drift should be <1dB. This is to prevent the need for characterization
over temperature. Although log-amp detectors in bipolar technology present good tempera-
ture stability [7, 8]. CMOS log-amp detectors for RF power detection so far published fail to
demonstrate consistent performance over a wide temperature range [9, 10]. Hence, the design
of this CMOS log-amp detector will be focused on temperature performance.

As the chip is designed for mobile phone use, power consumption should be limited to about
20mW. To match the coupler, a characteristic input impedance of 502 will be used as this
is the standard for most RF transmissions. A summary of the specifications is given in Table
1-1.

Antenna
_(ZO_“E"EF_Y
1
VGA PA —
~30dB ) 3
RF Gain 50 Q attenuation §
3
Control §
K]
Digital |, | roc le| RF Vin |3
Control |~ | detector

Figure 1-1: Block diagram of a power control loop in a handset

Dynamic Range Bandwidth Max Temperature Error Power Consumption

>30dB >900 MHz +1dB <20mW

Table 1-1: Specifications for the CMOS log-amp detector
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Chapter 2

Architecture

This chapter gives an introduction to the field of log-amp detectors. To be able to understand
how this type of system operates, it is most intuitive to describe the logarithmic amplifier
first. After this introduction the base-band log-amp will be introduced, for which the transfer
is formulated and different aspects of the architecture will be described. This will be followed
by the log-amp detector, which is the core architecture used in the final circuit design. To
be able to compare performance among log-amp detectors two figure of merits are discussed,
which will be used to evaluate temperature drift and derive temperature compensation.

2-1 The Logarithmic Amplifier

System A logarithmic amplifier is a non-linear system, for which the transfer is a logarithmic
function. Signals with a large dynamic range can be converted into an output signal with a
smaller dynamic range.

To achieve an ideal logarithmic transfer it is possible to use an operational amplifier, together
with an exponential feedback element as shown in Figure 2-1. If the gain of the operational
amplifier (opamp) is infinite, the overall transfer will be equal to the inverse transfer of the
feedback path. An exponential element in the feedback, a diode for example, will thus result
in a logarithmic transfer.

In this figure the input Vj, and output Vs units are voltages. Resistor R is used to convert
the input voltage in a current. This current Ip = Vi,/R will pass through the diode, which
has an exponential behavior from voltage to current:

ID — IS(evout/nVT) , (2—1)

where Ig is the reverse bias saturation current, Vg is the voltage across the diode, Vp is the
thermal voltage and n is the ideality factor of the diode.

The inverse of (2-1) is the desired logarithmic transfer function: Viue = nVpIn(Vin/(RIg)).

Master of Science Thesis Eric Muijs



4 Architecture

Diode
|

Vin R
‘/\/\/\ _ Vout

OA

NV

Figure 2-1: Schematic of a logarithmic amplifier implemented with feedback

2-1-1 Baseband Log Amp

A logarithmic transfer can also be achieved by a piece-wise linear approximation method. To
understand how this approximation can achieve a logarithmic function, a baseband log amp
will be explained [8]. This system comprises of two components:

e Gain cells: cells that exhibit a gain of A up to a certain input voltage Exa (knee voltage),
at which the cell clips to A - Exa (2-2). See Figure 2-2.

e Summation cells: cells that add the output of the gain cells, see Figure 2-3.

Mathematically the gain-cell transfer can also be described as:

A Vipa, if [Vina| < Exa,
Vout—A(Vin—A) [V] = { X | | (2—2)
A-Exa,  if [Vinal > Exa
in which A is the gain of the gain cell. Knee voltage Fia is given by:
Vout-
Ep = max(Vout-a) (2-3)

A 9
where max(Vou-a) is equal to A - Fxa.
The gain cells and summation cells are connected as shown in Figure 2-3.

First lets assume that input signal Vi, is really small, such that only the last gain cell achieves
its maximum output (Viy = %). According to Figure 2-3, the output voltage will be:

F FE
4 A B + ABga (2-4)

Voutl = F A

At the next transition (Vipg = E—X*) the last two gain cells are saturated, yielding an output
of:

Exa
Vourz = == + Eiea + 2B A. (2-5)
At the last transition (Ving = Exa) all gain cells are saturated. Hence, the output is equal to:
Vouts = Exa + 3EkAA. (2-6)

Eric Muijs Master of Science Thesis



2-1 The Logarithmic Amplifier 5

Vout-A (V)
max(Vouta) ===« =rererenn-
I
l
I
A A __-Gain cell
: Yot ) in ,\EKA/A Eka A*Eka
Eka L TN IA/ A
C Ea/A2 Py N Vout
\ U~ \\Y D o
>~ Summation cell
Figure 2-2: Transfer of ideal gain cell Figure 2-3: Block diagram of baseband log amp

So at each gain cell saturation, the output will increase by a linear factor, while the input
actually is multiplied with the gain of the gain cell (A). This shows how this system implements
a logarithmic function using piece-wise approximation.

A comparison between an ideal logarithmic response versus the baseband log-amp output is
shown in Figure 2-4a.

1.8 1.8
15 151
1.2 1.2
s ] s
5.9 5.9 1
S S
6 6 -
3 4 3 E
00:‘ : — —— T 0'0_\ T T T T T T T T T TTTTTT T T T T TTTIT
0.0 100.0 200.0 300.0 400. 1073 1072 107! 10°
Vin (mV) (m) Vin (V)
(a) Axis (linear, linear) (b) Axis (logarithmic, linear)

Figure 2-4: Transfer of 3-stage baseband log amp [black = ideal log transfer, red = log-amp
output]

Output Model The equation for an ideal logarithmic response equals:

Vin
Vour = K5 - 20log () , (2-7)
\%;

in which Kg[V/dB] and V;[V] are two fitting parameters, which control the shape of the
logarithmic transfer.
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6 Architecture

Calculating K¢ can be done by subtracting two outputs:

AVZ)utl? = A‘/;)ut2 - A‘/outl
E
= Exa-A- %
~ EkA A (2_8)

Substituting this result in the ideal log equation of (2-7) yields:

AVin Vin
A‘/Out12 = K5-2010g< 2)—KS-2010g( 1>,
% Vi

Expa-A = Kg-20log(A),
ExpA
Kg = ———. 2-9
5 201log(A) (2-9)
The term FEja/A? in (2-8) is relatively small and is neglected in this calculation. In the next
paragraph a correction technique is able to cancel this term.

Using the first clipping point: (Vin1, Vout1), Ks (2-9) and the ideal log (2-7), parameter V;
can be calculated (see Appendix A-1):

Exa

Vi= AN+1/(A-1)

(2-10)

in which N is the number of stages of the log amp.

Plotting the log-amp transfer in a graph with a logarithmic x-axis yields an output which
can be approximated by a linear line approximation, as shown in Figure 2-4b. Rewriting the
voltages Vi, and V7 in dBV:

Xin [ABV] = 20log(Vin), (2-11)
X7 [dBV] = 20log(V7) , (2-12)

substituting (2-11) and (2-12) in the ideal log equation of (2-7):

Vi
Vour = Kg-20lo (“)
t S g Vi

= Kg-(Xin—X1), (2-13)
yields an expression of a linear line. The slope Kg and intercept point X; are defined as:

ExaA

Kgs[V/dB] 30log(4)’

(2-14)

X;[dBV] = 20log <M§;‘;_l)) . (2-15)
In Figure 2-4b the black line represents the ideal logarithmic response, while the red line
is the log-amp output. At very low input levels the system has a linear transfer, deviating
from the black line. When the rightmost gain cell clips at input voltage Vin1, the log amp
has a logarithmic response, following the black line up to input voltage Vin3. When the
input increases above this voltage, the first summation cell will again yield a linear response,
deviating from the ideal black line.
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2-1 The Logarithmic Amplifier 7

Top-end correction In the previous paragraph, the term Fj /A% was neglected in (2-8). The
output for a log amp for which this term is not neglected is shown in Figure 2-5, indicated
by the blue line. To approximate the ideal logarithmic output transfer, the output voltage

1'8i

Vout (V)
[te) =
N
|

TN T T T T N T I T T T T N N B

o
T

-1 0

10 10

Vin (V)

Figure 2-5: Output baseband log amp for N = 3 [black = ideal log, red = with, blue = without
top end correction]

always increases by a linear amount, A - Eya, as the input is multiplied by a factor A. This
means that the slope should be constant for as long as not all stages are clipped. However,
from (2-4) and (2-5) the increase in output voltage is:
Exa
AVout1z = AVoutz — AVout1 = Exa - A — 2 (2-16)
Comparing AVgyyt12 to the increase in output between (2-5) and (2-6), it becomes clear that
they are not the same:

E
AVouizs = AVours — AVourz = Bia - A = =1 (2-17)
For small inputs, the % part is quite small and could be neglected. However, when the

input of the log amp grows, this part becomes bigger: X reduces by one for each transition,
resulting in a reduction of the slope.

Another way to explain the need for top-end correction is that all other stages, except the
first gain cell (high input), have preceding stages for which the output voltage increases as
the input increases towards the knee voltage. However, the first gain cell (high input), does
not have these preceding stages.

To achieve the same slope across all transitions, a top-end correction factor is applied to the
first summation cell. This means that the addition from this summation cell is “weighted”
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8 Architecture

with a factor Dy equal to [8]:

A
Dy=———. 21
07 A1 (2-18)

Now the output for the first transition is given by (Viny = Exa /A?):
A B Exa

Vout 11 a2 T4 That b4,

1 1
(A=1) Vous = EkA<+1_+A_1+A2_A)a

A A
AQ
it = Fra - , 2-1
Vout1 KA (2-19)
For the second transition (Vina = Exa/A) the output is equal to:
A Eya
Vowza = —— —— +F 2Fa - A
out2 A-1 a4 Theat2bia
242 — A
= B T2 22
KA (2-20)
For the third transition (Vi,g = Exa) the output is equal to:
A
Vows = —— - F 3Eka - A
out3 A1 kAT olka
342 — 24
= FExp - ———m. 2-21
o 3 (2-21)
Now AVyy for all transitions is given by:
AVouy = AExa (2-22)

which yields a constant Vi, increase for all transitions, thus a constant slope. The output
curve with and without top-end correction is shown in Figure 2-5.

Output model with Top-End correction Due to the top-end correction, the slope is equal
as without top-end correction but does not decrease when the input increases:

~ 20 log(A) " (2-23)

S

The intercept point follows again from (2-7), the slope (2-23) and a (Vin1,Vout1) point:
Eya

Instead of using dBV, the Vi, and V; can be expressed in power [dBm)]:
V2
P |dB = 10log | 5——= |, 2-2
[dBm] Vo (Zm : 1mW> (225)
VIQ
P;[dB = 101 _— . 2-2
s [dBu) = 10log (L) (2-26)
Now the input-output relation can be expressed as:
V2
Voww = Kg-10log (m)
‘/}2
= Kg-(Pn—Pp). (2-27)
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2-1 The Logarithmic Amplifier 9

2-1-2 G,,-Cell Log Amp

The next step is to modify the log-amp system to closer resemble a physical implementation.
Although voltage summation cells can be made in practice it is much easier to add currents.
This can be done by converting the output voltages of the gain cells into currents and adding
these. An output resistor will convert the total current into an output voltage.

In (2-28) the output of a new Gy, cell is given. This cell is basically a gain cell with a current
output.

Ibias—G X

7"/‘-(}7 1fV—G<EG,
IOut—G(‘/in-G) [A] = EkG mn ‘ 1m: ’ k

Tyias-c if ‘VEH—G’ > Fva,

(2-28)

where Fyq is the knee voltage and Ipi.s.c the bias current of the Gy, cell.

A block diagram of the Gy,-cell log amp is shown in Figure 2-6. It is assumed that this log
amp is driven with only positive input voltages.

Vin

— A IA\ A
v

Gm Gm Gm Gm
(x Do) Vout

Rout

Figure 2-6: Block diagram of G,-cell log amp

Output Model with G, cells The output of this system does not deviate much from the
original system. The only difference is that the output is now multiplied by the output
resistance Ryt and Ipias.g. The maximum output current for each Gy, cell is given by:

maX(Vout) = Ibias—G(N -1+ DO)Rout s (2‘29)

where N denotes the number of stages and Dy is the top-end correction, which is now applied
by increasing the bias current of the Gy, cell.

The slope and intercept-point equations can be rewritten as (see Appendix A-2):

Ibias-GRout
Kg=—""7- 2-30
57 0 log(A) ’ (2-30)
Exq

One important thing to note is that the Fyq in Equation 2-31 is the knee voltage of the Gy,
cells. The output node of the last gain cell in Figure 2-6 determines the first logarithmic
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point on the output curve. If the gain cell clips before the knee voltage of the rightmost Gy,

cell, Exg, than max(Vyut o) determines the first logarithmic point and thus the effective knee
voltage Fy_eff:

Vout-a), if Vout-a) < Exa ,

Epoff = {max( out A) 1 max( out A) kG (2_32)

Exa, if max(Vout-a) > Exa -
In the rest of this chapter it is assumed that the gain cell swing is always larger than the knee
voltage of the succeeding cells, such that their knee voltage (in this case Fyxqg) determines the
intercept point.
From now on in this thesis the input will always be displayed in power, such that the transfer
of a log amp can be expressed as:

Vout = Ks - (P — Pr), (2-33)

in which:
_ Tvias-G Rout

Ks = S0 ToalA) (2-34)

2-2 Measures of Performance

To be able to distinguish log-amp performance, two types of performance metrics are discussed
in this section.

2-2-1 Log-Conformance Error (LCE)

The LCE is probably the most used metric to compare log amps. This measure is based on
the ideal input-output equation given by:

Vvout:KS’(Pin*PI)'

Using this equation, the error in dB for a point on the output curve (P [dBm], Vous [V])

would be:
‘/;)utl - (KS : (Pinl - PI))

Kg
An LCE plot is thus calculated by subtracting all points of the log-amp output (Figure 2-7a)
from the ideal logarithmic function with a slope Kg and intercept point P;. These parameters
are adjusted to yield an LCE fitted to the zero axis, as shown in Figure 2-7b.

LCE(dB) = (2-35)

In Figure 2-7a the three curves replicate three temperature output curves, with an intercept-
point shift over temperature. The dotted line in Figure 2-7a represents an LCE of zero.
Intercept-point shifts are visible in the LCE plot as a fixed error over input power.

2-2-2  Error Variation Over Temperature (EVOT)

The EVOT plot is a measure for the temperature drift of a log amp. The room temperature
output curve is used as a reference. The error in dB for low and high temperature from this
reference is the EVOT curve. Mathematically this is equal to:

Vout (T T — Vour (T
EVOTCOld/hot (dB) = b ( cold é{;g’;} f) t ( ef) ’
re

(2-36)
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—~~ , —_~
2 Ideal log transfer,/ i%
3 5
> =
Ll
Pin (dBm)
—
v P_| (dBm) Pin (dBm)
(a) Output curve over temperature (b) Log-conformance error

Figure 2-7: Output of a temperature dependent log amp [blue = cold, green = room, red = hot
temperature]

where typically Teo1q = —40°C, Thot = 85°C and Trer = 25°C.

Basically the EVOT plot is an LCE plot for which the reference is not an ideal line, but
the log-amp output at reference temperature Tier. The EVOT for room temperature in thus

always equal to the zero axis. The EVOTs for the output curves of Figure 2-7a are given in
Figure 2-8.

Error (dB)

Pin (dB)

Figure 2-8: Error variation over temperature of the temperature dependent log amp [blue =
cold, red = hot temperature]
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2-3 Log-Amp Detector

Log-amp detectors really show why a log amp can be very useful. In a log-amp detector
the Gy, cells are replaced with detector cells, which perform a demodulating function. The
detector cells detect the envelope of the RF input signal, such that their DC output is a
measure of the average peak value of the input signal. This characteristic combined with the
logarithmic response of the log amp, yields an output which is the log of the average detected
envelop of the input signal. Because the output is a measure of the average peak value of
the input signal, it is waveform dependent. Thus if the modulation type is known, the input
power can be calculated based on the log-amp detector output.

Vin

Zin D D D D
D LPF

| | | | | \ Idet Vout
§°
o

Figure 2-9: Block diagram of log-amp detector

2-3-1 Detector Cells

A large number of detector cells can be used from a theoretical point of view. In this chapter
however, four types of detector cells are described. Each performs a different non-linear
(demodulating) operation:

e Detector cell X*
e Detector cell X2
e Detector cell | X|

e Detector cell /| X]|

Detector transfer The general output of a detector cell is given in Equation 2-37 and shown
in Figure 2-10.

Vind\? .
Ipias-D <| Em ) s if ‘Vvin_D’ < Exp R
kD

Tbias-Ds if |Vin-n| > Exp ,

Iout—D(Vin—D) [A] = (2—37)

in which p is the power of the detector cell transfer function, I.s.p the bias current and Eyp
the knee voltage of the detector cell.
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o o =
S 3 g
o o ©

<

I_OUT (uA)
I
=
o

20.0

I T T Y T A Y

0.0

-300.0 -200.0 -100.0 0.0 100.0 200.0 300.C
V_IN (m)

Figure 2-10: Output of detector cells with Exp = 0.2V [blue: p=0.5, black: p=1, red: p=2,
green: p=4]

Demodulation of detector cell The detector cell demodulates the input signal by performing
a non-linear operation. If Vi,.p = Vpsin(z) and p = 2:

IviasD
Iowep = EEZ) Viip (2-38)
Thias-D V2
s BIP [1 — cos(21)], (2-39)
2E2,

which consist of a DC component: Ibias_DVP2 / QEI%D and a second harmonic. After the low-pass
filter the detector-cell output is thus a measure of the peak, Vp, of the input signal.

If amplitude Vp of a sinusoidal input signal increases above the knee voltage, part of the
period the detector-cell output clips to Ipias.p. As a result the average output current of the
detector cell increases. After the low-pass filter this translates to a higher DC output current.

Table 2-1 shows the normalized DC output for other types of detector cells with the same
input signal. Clearly all detector cells perform a demodulation of the input signal.

Detector-cell type DC output normalized

9vV2PV2

1673/2\/Exp
p=1 2Vp
7TE]§D
Vi

—92 P

P 2E?
o4 3V
SEﬁD

Table 2-1: Normalized Ipiasp for all detector-cell types, Vio.p = Vp sin(x)
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Output model for a log-amp detector Similar as in the previous section, top-end correction
is needed. However each detector-cell type will need a different top-end correction factor Dy
(see Appendix A-4 for a proof):

AP
AP -1
The lower the power, p in Equation 2-40, the more top-end correction is needed for a constant
slope. The intercept point V7 is identical to the intercept point calculated in Section 2-1-2.
Depending on the type of detector cell, the top-end correction will affect the intercept point

Dy

(2-40)

according to:
Exp

Vi = AN+Dg -

The slope Kg remains equal to the log amp with Gy, cells, because at every detector-cell
transition the output voltage increases with Ipj.s.pRout, Which is equal to the output increase

of the G, cell:
_ Ibias—DRout
57 20log(A)

Wobbles in the output curve Figure 2-11a shows output curves for four log-amp detectors,
each with a different detector-cell type. All have appropriate top-end correction, according to
(2-40). To correct the intercept-point shift due to the different top-end corrections, the knee
voltage was modified.

Due to the higher top-end correction of the low power detector cells (p < 1), their maximum
output is higher. The LCE plot is shown in Figure 2-11b.

Although all output curves approximate the ideal logarithm, they show different responses.
Wobbles, the log-conformance error in the flat region of the LCE plot, are smaller for lower
power (p < 1) detector cells. This phenomena can be explained by the transfer of the detector
cell, shown in Figure 2-10. For a low power detector cell, p = 0.5 for example, the current
output increase is high for small inputs (Vi,.p << Exp) and a small current increase for
high inputs (Vip.p < Exp). This type of transfer more approximates a logarithmic function
yielding an LCE with smaller wobbles.

2-3-2 Bottom-End Correction

Apart from the top-end correction, bottom-end correction is needed for sinusoidal input sig-
nals. Assume a detector cell with a knee voltage Fxp = 200 mV and p = 2. Figure 2-12a shows
the output for multiple sinusoidal signals at different levels of input amplitude: Vp = 200 mV,
300 mV and 600 mV. The detector cell output voltages in Figure 2-12 are the current outputs
of the detector cell terminated with a resistor, Rgout.

If A = 3, the succeeding detector is clipping at Vp = 600 mV, while the average output of
the detector cell (after the low-pass filter) only increased from 140 mV to 170 mV. See Figure
2-12b. The average output of the detector cell will never reach Iy.s.p for sinusoidal signals
with finite amplitude. This result is different compared to DC input signals, for which each
detector cell reaches its maximum output directly if its input amplitude reached the knee
voltage. Only a square wave input signal does not suffer from this effect due to the infinite
rise time of an ideal square-wave.
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(a) Output curve (b) Log-conformance error

Figure 2-11: Output of log-amp detector with four types of detector cells [p: blue = 0.5, green
=1, red = 2, purple = 4]

As Figure 2-12b shows, a succeeding stage will still be rising in average output value. Because
the last detector cell (rightmost) does not have any succeeding stages, the output of that stage
should be enhanced, “weighted”, to make sure that the slope is the same across all transitions,
just like in Figure 2-5 with top-end correction. Figure 2-13a shows the output and LCE of a
log-amp detector with and without bottom-end correction.

The bottom-end correction factor only has an influence on the intercept point V7. Only the
local slope for low-amplitude input signals is increased, the overall slope is unaffected. The
intercept point will change to (see Appendix A-5):

Exp

VI = AN—T4D07Bs -

(2-41)

where By is the bottom-end correction factor.

Approximation of bottom-end correction factor As with the top-end correction, bottom-
end correction is needed to adjust the curve such that the slope is constant. The value of the
bottom-end correction factor By is dependent on the waveform as well as the type of detector
cell. First the | X| detector will be discussed, for a sinusoidal input signal with two amplitudes
as shown in Figure 2-14. By approximating the slope at x = 0 it is relatively easy to calculate
the clipping point, which is approximately at # = A~!. The yellow and green areas in Figure
2-14 are given by:

Arealtotal] = (2-42)
Arealsin(z)] = 2, (2-43)
ArealAsin(z)] = 7w — % . (2-44)

The bottom-end correction factor is the extra bias current for the last detector cell which is
needed to yield the same increase in output current as the output increase of a detector cell in
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(a) Output (b) Average of the output (after the low-pass filter)
Figure 2-12: Output of X? detector cell with E,p = 200 mV for sinusoidal input signals with
different amplitudes [Input amplitude: blue = 200 mV, green = 300 mV, red = 600 mV]
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Figure 2-13: Output of log-amp detector with X? detector cells [blue = without, red = with
bottom-end correction]

the middle of the log-amp detector. If one succeeding detector cell is considered, this factor
is equal to the ratio between the green and yellow area in Figure 2-14:

1
(Bo)|x|sin = 5 A (2-45)
1

2A4°

3

g _ (2-46)
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A — A'sin(x)

Area[sin(x)]=2
0o 1A Ll

Figure 2-14: Method for calculating the bottom-end correction.

Using the same methodology the bottom-end correction can be estimated for other detector-
cell types, see Table 2-2.

Detector-type By

p=0.5 1.28
p=1 1.40
p=2 1.51
p=4 1.64

Table 2-2: Bottom-end correction factor By for several detector-cell types (sinusoidal input
signals)

2-3-3 Waveform Dependence

For different waveforms with equal Root Mean Square (RMS) values, the log-amp detector
will give an intercept-point shift. This shift is independent on detector-cell type. Assuming
the system approximates the ideal log equation given by [8]:

Vin
Wmtzlisbg(’|), (2-47)
Vi
which after low-pass filtering can be rewritten as:
1/f Vi
AVG(Vout) = f Kglog (V)dt‘ (2-48)
0 1

The first waveform of interest is the square-wave, with infinitely small rise and fall times:

2nt

Vi (£) = Vo -z sin () |, (2-49)
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in which V is the peak value, T' the period and sgn the sign function®

output of the log-amp detector output for a half period:

. Calculating the

1/(2T) Viw
AVG(Vout-bw) = 2T/ Kglog ( vV )dt (2_50)
0 I
V. 1/(27)
= 2TK510g< SW)H (2-51)
vi )l
Vew
= Ksl 2-52
s log ( v, >, (2-52)

which is equal to the output for a DC input of magnitude Vpc, because their average are
equal. For a sinusoidal input signal of Vi, gn = Vi sin(z) and noting that the average of a
sinusoid is equal for a half-period (0 < z < 7)[8]:

AVC(Voran) = % /0 " K log (W)dx (2-53)
_ mf(iO) {_wln(2)+wln(‘@“)} (2-55)
= Kglog (;/VID = Kglog (@IC) : (2-56)

which shows that a DC input signal with only half the amplitude of the sinusoidal input
signal produces the same output. In Table 2-3 different waveforms with equal RMS powers
are given, with the resulting log-amp detector output [8].

Waveform Amplitude for RMS of Vpc Log-amp output normalized FError in dB
DC VDC 10g(VDc) 0
Square-wave Vbe log(Vpe) 0
Sinusoid Vbcv/2 log(Vbc/v/2) -3
Triangle-wave VbcV3 log(Vpcv/3/e) -3.9

Table 2-3: Output of log-amp detector for different input waveforms

2-3-4 Modulation Dependence

In this section the output of a log-amp detector for two modulation schemes is presented:
Amplitude-Shift Keying (ASK) and Phase-Shift Keying (PSK). Both modulation schemes
transmit at the same frequency and with the same bitsteam, as shown in Figure 2-15. First it
is important to make sure that both modulations have the same RMS power level. The PSK
is the simplest, because with the 180° phase shift the RMS does not differ from a regular
sinusoidal signal. If a DC signal has an RMS of Vpc, Vesk = v2Vbce.

'sgn(+)=1, sgn(-)=-1.
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Vask Fp= = —p— — — —_— === = == ==

VPSK - -

Figure 2-15: Representation of ASK and PSK modulation with equal RMS and bitstream

For the ASK the RMS calculation is similar to a normal sinusoid, except that under the root
of (2-57) the value is only half as large:

17 v,
RMSask = \/ o /O Vi sin?(z)de = A;K = Ve, (2-57)

thus Vask = 2Vpce.

Using the calculated Vask and Vpsk the effective output of the log-amp detector can now be
calculated for both modulation schemes:

1 /7 V,
AVG(Vour-ask) = ﬂ/o Kslog( ASK)dw

Vi
_ Ks <VASK>
2 %8\ 2y,

= Kglog (\/?) , (2-58)

AVG(Virsi) = Kslog (735
1

Vbe >
V2V )

From (2-58) and (2-59) follows that the log-amp detector is modulation dependent given two
signals with equal RMS, frequency and bitstream but with different modulation schemes.

— Kglog ( (2-59)
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2-4 Circuit Modeling

To obtain a model for the temperature behavior of the log-amp detector, the strong inversion
CMOS equation is used:

w
ID = MnCoxf(vGS - mh)z ) (2_60)

where Ip is the drain current, u, is the charge-carrier effective mobility, Cox the gate oxide
capacitance, W and L the width and length of the gate respectively, Vg the gate-source
voltage and Vy the threshold voltage.

Temperature dependent parameters in (2-60) are: the mobility p,, which decreases with tem-
perature and Vg which decreases with temperature as well. The mobility over temperature
is given by [11]:

in(T) = fino - (Tif)_N”, (2-61)

where Tye the reference temperature (typically 300 K), uyo is the mobility at Tief and 1.5 <
N, <2 [11] is the temperature coefficient of the mobility.

The Vg over temperature can be approximated? to the first order by:
VTH(T) = VTHO . [1 4+ TCTH(T — Tref)]a (2—62)
where —4 x 1072 < TCry < —0.5 x 1073[11] is the temperature coefficient of the threshold

voltage and Vg the threshold voltage at Ti.ef.

2-4-1 Gain Cell

A circuit which can fulfill the function of a gain cell is the differential pair with load resistors
shown in Figure 2-16. Cascading these differential pairs will form a log amp. The gain of a
differential pair is given by [12]:

A(T) = gm(T)- R(T) (2-63)
= \/n(T)Coxlz/Ibias-A(T)'RC(T)7 (2_64)

where R.(T) represent the load resistors and Ip.s.a is the bias current. The resistors R.(T")
have a first-order temperature behaviour of:

RC(T) = RCO . (1 + (T - Tref)TCRc) 3 (2'65)

where T'Cg, is the first-order temperature coefficient.

The threshold voltage Vrp does not appear in the equation of the small-signal gain (2-64),
also when the body effect is included, due to equal V3g. This means that only the temperature
behavior of the mobility is important for the small-signal gain.

2Taylor approximation
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vdd
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\ Vout-
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Vin+
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Vin- L L

7/ 7/

Ibias-A

Figure 2-16: Circuit of CMOS differential pair

Knee voltage gain cell The knee voltage of the gain cell can be calculated in terms of the
circuit parameters as:

maX(VOUE—A) = Ipjas-a - Re, (2—66)
max(Vou

Thias-A - RC(T)
\/,Un (T)COX%Ibias—A : RC(T)

I ias-A
— /un(;)CoxVLV , (2-67)

which assumes a gain cell with an ideal transfer, with a constant gain up to the knee voltage.
With real transistors however the small-signal gain reduces when the input deviates from
zero, yielding a more smooth transfer characteristic. A new definition for the knee voltage is
required.

Knee voltage definition The output of a gain cell made with transistors would have an
output similar to the red or blue curve in Figure 2-17a. If the knee-voltage definition of
(2-67) is applied, a weak-inversion model (hyperbolic tangent) would have an infinite knee
voltage, which would translate to an infinite intercept point according to (2-41).

The LCE of a log amp with summation cells using three types of gain cells is shown in Figure
2-17b. In this figure it becomes clear that there is an intercept-point shift due to the smoother
transfer of the gain cell. To get an approximation on the intercept-point shift, the smooth
gain cell transfer is modeled as shown in Figure 2-18. The slope and intercept-point equations
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Figure 2-17: Log-amp output for different gain cells [black = ideal model, red = strong-inversion
model, blue = weak-inversion model]
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Vout,max - ______

X*Vout,max ]

Ek/A Ek A*Ek

Figure 2-18: One-sided transfer of gain cell [X < 1]

for a log-amp detector with a smooth gain-cell transfer are defined by (see Appendix A-6 for
a proof):

AEy
Kg m ) (2-68)
Vi Eiea (2-69)

AX—D)+N+1/(A-1)

where X is the parameter which defines the smoothness of the gain-cell transfer. For values
of X < 1 the intercept point will increase.

Another way to express the shift in the intercept point would be to define an effective knee
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voltage, given by:
Exa
EkA,eff = AX_l . (2—70)
For X = 1 the knee voltage is unchanged, while for X < 1 the effective knee voltage will
increase.

Another phenomena visible in Figure 2-17b is the “wobbles” in the LCE plot. For the weak-
inversion model the LCE is nearly flat compared to the log amp with ideal gain cells. This
is an advantage because in the “flat” region of the LCE curve, the errors from the ideal
logarithm are much smaller.

For detector cells with a smooth transfer the intercept-point shift will also behave like (2-70),
with Eya replaced by Exp) if max Vou.a > Exp. Smooth cells decrease the wobbles because
they more replicate a logarithmic behaviour, a similar behaviour as explained in the beginning
of this section, where different detector-cell types were discussed.

2-4-2 Detector Cell

The circuit of a detector cell is given in Figure 2-19. It is an NMOS version of the bipolar
detector cell from [13]. Using the strong-inversion CMOS model of (2-60), the detector-cell

lout+ lout-

e TR o

%
Y

Vin- A

(D Ibles-D

%

Figure 2-19: Circuit of a detector cell

transfer can be calculated as (see Appendix B-3):

B .
Ve, if Exyp < Viep,
Iout—D [A] — {4 in-D kD D

Lias-p, if Exp > Vinp -

(2-71)

Hence, the circuit of Figure 2-19 implements the X? detector cell.
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Knee voltage detector cell The knee voltage can be calculated by equating row one and
two of (2-71) with Vi,.p = Fxp:

_ [ (2-72)

in which (7)) = ,un(T)C'OX%.

The detector-cell knee voltage is equivalent to the knee voltage of the gain cell, Equation 2-3.

2-4-3 Temperature Behavior of Log-Amp Detector

Assume a log-amp detector with: N = 4, By = 1.5, Dy = 1, N, = 1.7, TCg. = 0 and
with constant bias currents Ipjas.a and Ihasp. The output of the log-amp detector over
temperature is shown in Figure 2-20a.

1.8 10 -
1.5
] 5.0
1.2
s - g
‘g‘ 9 ] § 0.0 i
>~ ] o
6 1
] -5.0
3 ]
0.0:‘\\\\‘\\\\‘\\\\‘\\\\‘\\\‘\\\\‘\\\‘\\\‘ _107‘\\\\\\\‘\\\‘\\\\‘\\\‘\\\‘\\\\‘\\\\‘
-60.0 -50.0 -40.0 -30.0 -20.0 -10.0 0.0 10.0 20.0 -60.0 -50.0 -40.0 -30.0 -20.0 -10.0 0.0 10.0 20.0
Pin (dBm) Pin (dBm)
(a) Output voltage versus input power (b) Log-conformance error

Figure 2-20: Output of log-amp detector over temperature (p = 2). [blue = -40°C, green =
25°C and red = 85°C]

The gain over temperature can be modeled by (assume Ayp = 3, 235K < 7' < 385K and
Tret = 300 K):

T —0.85

A(T) = Ao( ) , (2-73)
Tref

AA T\ 9%

S (Tref) 1. (2-74)

Similarly, the knee voltage over temperature is modeled by:

T 0.85
Fn(T) = B (T f) . (2-75)
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Calculating the intercept-point shift due to shift in knee voltage:

AP/(T) = 20log ( i‘;@g;) — 201log (i%?;) (2-76)
Exn(T) - AG®
= 20log (M) (2-77)

5.53
201og KT f) ] = +8.8,—~11.7 dB, (2-78)
re

which is close to the intercept-point shift from the simulation shown in Figure 2-20a.

Also the slope will be temperature dependent. By first calculating the derivative the slope
temperature dependence can by calculated as:

I bias-D Rout

Ks = S0loa(d) - =
5Ks Ibias—DRout 1Og(10)
_ 7 2-80
0A 20A IHQ(A) ( :
AKg AA -1
s (T) = 7(T) . () = —21%,+17% (2-81)

Hence, the slope over temperature will vary about +20% with a constant bias current. Because
the slope is the actual conversion parameter of the log-amp detector, this parameter should
be as constant as possible.

The magnitude of log-conformance error in Figure 2-20b would require that every device needs
calibration over temperature, significantly increasing the cost per chip. To achieve an accept-
able log-conformance error within +1 dB from -40 to +85°C, a temperature-compensation
scheme is essential.

2-5 Proportional To Inverse Mobility (PTIM) Temperature Com-
pensation

Constant-g,, biasing is a well known technique to make the trans-conductance of a CMOS
transistor constant over temperature. The trans-conductance is given by [12]:

gn(T) = /28(T)Ip, in which (2-82)
TN ™M  w T\ M
@) = mo(g=)  Cop =Bo(7-) (2-83)

where typically 1.5 < N, < 2.

Because B(T') has the same temperature dependence as the mobility given by Equation 2-61,
I1ias can be made:

T\
Ibias (T)Constant—gm = IbiasO (T) ) (2'84)
ref
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such that g, follows as:

T\ M T \ e
gm(T) = 50( > Tyiaso ()
m( ) J Tref o Tref
= VvV /BOIbiaSOa (2'85)
which is temperature independent. This type of biasing is called proportional to inverse mo-

bility (PTIM) because the bias current is inversely proportional to the mobility temperature
dependence.

2-5-1 Gain Cell

Gain temperature compensation As shown in the previous section the gain of a differential
pair with load resistors is:

A(T) = \/ B(T ) Ivias-a (T) Re(T),
in which (7)) = BO(%)*NM as before. Let’s assume the PTIM bias current to be:

Xoa

Lias-A(T)pTIM = RTVBT) (2-86)

in which X4 is a unit-less quantity. The gain can now be rewritten as:

AT) = \/B(T)Rg();;’g(T)RC(T),

= VXoa, (2-87)

which is constant over temperature. The PTIM bias current of Equation 2-86 has both the
inverse temperature dependence of the mobility, as well as the inverse squared temperature
dependence of the resistor to achieve temperature independence.

Knee voltage shift With the PTIM current of (2-86) the knee voltage from (2-3) can be
rewritten as:

Ibias—A (T)

Fra B(T)

:\/ XoA

R2(T)B(T)B(T)

__VXoa )
= RMAT) (25

yielding a knee voltage which is dependent on temperature. This temperature dependence
will be removed in Section 2-5.
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Maximum output The voltage swing of the differential pair is given by max(Voua) =

Thias-A Re: X
0A

max (Vou-a) (1) = W,

(2-89)

which is now also dependent on temperature.

Transfer and gain over temperature The following figures will show the gain cell transfer
at three different temperatures with:

e Constant bias current lpj,s o (Figures 2-21a and 2-21b)

e PTIM bias current Ipjas.a (Figure 2-21c and 2-21d)
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(a) Output, not compensated (b) Gain, not compensated
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Figure 2-21: Output and gain of gain cell over temperature [blue = -40°C, green = 25°C, red
= 85°C, black = ideal transfer]
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2-5-2 Detector Cell

From the last section it became clear that for the detector cells two properties are important:
knee voltage Fyxp and lpjas.D-

Knee voltage Assuming the same PTIM bias current as used for the gain cell (Equation
2-86), the knee voltage will be:

Lyiasp(T)pTIM = R2()7€())ZT)’ (2-90)

o Ibias—D(T)
Exp(T) = 2 —B1)

= Yao (2-91)

Re(T)B(T)
which is equivalent to the knee voltage temperature shift of the gain cell. This means that
both knee voltages will shift equal over temperature given the same bias current, keeping the
relation max(Vousa) > Exp valid.

Maximum output current The bias current is the maximum output current of the detector
cell, given by:

I ias- T Nu
max(loue) (1) = s < Tref) . (2-02)

The following figures will show the detector-cell transfer at three different temperatures with:

e No compensation (Figure 2-22a)

e PTIM bias current (Figure 2-22b)

From Figure 2-22a and Figure 2-22b it seems that the PTIM bias current does not help to
make the detector-cell transfer more temperature independent. However, its purpose will be
made clear in the next section.
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Figure 2-22: Output of detector cell over temperature [blue = -40°C, green = 25°C, red = 85°C
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2-5-3 PTIM Architecture

Intercept-point shifter To cope with the knee-voltage shift of Exa and Fyp as seen in
Figures 2-21c and 2-22b, an input scaler, with transfer S(7'), is put in front of the log-amp
detector. The intercept point over temperature is given by:

Exp(T)
Vi(T) AN—T+Bo+Do - §(T) where (2-93)
So
STy = -0 2-94
D= mrm (90
where 1.5 < N, < 2. Substituting (2-91) into (2-93) yields:
VilT) = X (2.95)

= Sy - AN-1+Bo+Do”

which is temperature independent. So because the knee voltages shift with PTIM, it is
possible to change the whole gain of the log amp to become proportional to PTIM as well.
The temperature components will drop out, yielding an intercept point which is temperature
independent. See Figure 2-23a.

Current scaler As the detectors will have a current output, their maximum output current
is equal to their bias current, Ipj,s.p. The output current of all detector cells is given by
I4et(T'), which also has a PTIM temperature dependence. Using a PTM (proportional to
mobility) scaler block after the log-amp core can remove the current dependence:

[const
Iout—const - Idet—ptim (T)ma (2'96)
where Ionst is a current generated from a band-gap voltage over a resistor of type R.. The
output voltage of the log-amp detector will be I, utconst OVer a R, resistor, yielding a tem-
perature independent output voltage. The output of a detector cell with the above described
input and output compensation is depicted in Figure 2-23b. From this figure it is clear that
the detector-cell output is temperature independent if both scalers are applied.

Block diagram Adding both scalers to the log-amp detector yields the block diagram of the
PTIM temperature scheme as shown in Figure 2-24.
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Figure 2-23: Transfer of detector cell over temperature with PTIM bias current [blue = -40°C,
green = 25°C, red = 85°C |
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Figure 2-24: Block diagram of complete temperature compensation scheme
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Chapter 3

Circuit Design

This chapter contains the most important design decisions, circuit block simulations and
schematics of the final CMOS log-amp detector design. The first section will describe the
overall block diagram, followed by sections and subsections containing the information for
each sub-block. The final section calculates the expected slope, intercept and pedestal level
of the log-amp detector.

3-1 Block Diagram

The total block diagram of the CMOS log-amp detector using the Proportional To Inverse
Mobility (PTIM) bias scheme, described in Section 2-5, is given in Figure 3-1. The core
functionality is located inside the log-amp core block. A look inside this block is given in
Figure 3-2 and discussed in Section 3-2.

Finally, the DC current output of the log-amp core (Iget) is processed by the back-end, the
inner block diagram of which is given in Figure 3-3 and will be further discussed in Section
3-4.
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List of all major blocks:
e Log-Amp Core (Section 3-2)

— RF Input Block (Section 3-2-1)
— RF Front-End (Section 3-2-4)
— Gain Cell, A (Section 3-2-2)

— Detector Cell, D (Section 3-2-3)

e Bias Blocks (Section 3-3)

— Bias Block A (Section 3-3-1)
— Bias Block D (Section 3-3-2)
e Back-End (Section 3-4)
— Differential Current to Single-Ended Current Conversion (Section 3-4-1)
— Current Scaler (Section 3-4-2)
— Bandgap (Section 3-4-3)
— Current to Voltage Buffer (Section 3-4-4)

Bias Block A Bias Block D

Vout

Vin Log-Amp Core — Back-End

Rout

\V

Figure 3-1: Complete block diagram of log-amp detector

RF input block RF Front-End ,Gain cell

_________I I }, J
Vin ? e O oo
SOQ: : | | | |

scaler

e
-

Detector cell I I I I I m | Idet

Figure 3-2: Block diagram of log-amp core from Figure 3-1
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Figure 3-3
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: Block diagram of back-end from Figure 3-1
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3-2 Log-Amp Core

3-2-1 RF Input Block

Function The function of the RF input block is to stabilize the intercept shift over temper-
ature by approximating the PTIM temperature behavior as explained in Section 2-5. It also
provides the 50 €2 input impedance which is needed to match the characteristic impedance of
the coupler, see Chapter 1.

Implementation A simple circuit which fulfills these functions is depicted in Figure 3-4.
From Chapter 2, the transfer of the resistor divider should be proportional to a PTIM tem-
perature dependence:

So
B(T)R(T)’
which is equal to the voltage temperature dependence over an R.(T') resistor biased with
Iias-D- The first-order Temperature Coefficient (TC) of (3-1) will be approximated using the
available resistors in the process.

S(T) = (3-1)

Inside the given technology, a resistor with the highest positive TC was not high enough to
match the first-order TC of (3-1). By combining a positive and a negative TC resistor, the
effective positive TC was increased. In the circuit of Figure 3-4 these resistors are displayed
as resistor R, with T'C), and resistor R,, with T'C,,.

Vin AA A Vout

Rn

70 Q
Rc Rp
75 Q 80 Q

~

Figure 3-4: Schematic of RF input block from Figure 3-1

The transfer of the RF input block over temperature is calculated using:
Ry(T)=Rpo- (1 + (T — Trer)TC) , (3-2)
Ry(T)=Rno- 14+ (T — Tyet) TCh) , (3-3)
substituting these in the transfer equation of:

Ry

Vous = Vin - =27
’ R, + R,

yields a transfer over temperature given by:

Ry(1+ (T — Ter)TC,)
Ry + Ry + (T — Tye)(RyTCp + RaTCy)

Vout(T) = RFi - (3-5)
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The first-order TC at T' = T} of this transfer is (see Appendix B-1):
R,R,(TC, —TC,)

(Rp + Rn)?
From (3-6), the combined temperature behavior of both resistors results in a higher positive

TC. With the resistor values Ry and I, of Figure 3-4 the effective TC can be decreased to
match the temperature behavior of PTIM.

In the final design R, = 80 and R, = 708 such that the input impedance is kept at
502. The R, resistor is the best resistor in the given technology with: best matching, lowest
temperature coefficients (TC1 and TC2) and lowest parasitic capacitance.

TCeff<T = Tref) = (3_6)

Maximum RF input current The PTIM voltage scaler is the first block which deals with
the RF input signal. The measurement equipment is able to drive up to +20dBm of input
power, which is equivalent to a current of Igys = 45 mA. This means that the resistors in
the layout should be wide enough to be able to withstand the large current flow. The total
active area of the RF input block is thus relatively large with 136 pm x 180 pm.

Matching Table 3-1 shows two types of resistors errors: Absolute error due to random
variation in area and changes in the sheet resistance due to process variations. Process

A
Resistor (—R)S Slow Typical Fast

R
R, +0.25% T7Q 002  63Q
R, +0.06% 85 80 Q2 75
R, +0.01% 78Q 75Q 72Q
Z; 47Q 50 Q2 53 Q)

Table 3-1: Resistor value variation in RF input block

variations across corners however, are relatively high because three different types of resistors
are used in the design. These three resistors are each made with a different mask, thus any
combination of process corners is possible.

The worst case input impedance variation due to process variation is: 47 < Z;, < 53().
This variation will produce an intercept shift from batch to batch of about £0.27 dB across
the extreme corners (see Appendix B-1).

Temperature behavior For the given process the sheet resistance changes over corners, not
the actual temperature coefficients. The effective T'Cog of the scaler changes however due to
the absolute resistance of the resistors in the resistor divider.

The first-order TCs of Vou(T') and R.(T')Ipias.p(T') are compared in Table 3-2.
Figure 3-5 compares Vou(7T) and Re(T')Ipiasp Over temperature normalized to 25°C. By
matching only the first-order TC the second-order TC would be responsible for a large over-

all temperature error. By scaling the absolute resistor values R,o and R, for the complete
temperature range!, the overall temperature error was reduced significantly.

!Temperature ranging from -40 to 85°C.
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Corner TCI1 bias detector TC1 input scaler

slow 2.77x1073 3.08x1073
typical 2.80x1073 3.04x1073
fast 2.85x1073 2.99x1073

Table 3-2: First-order temperature coefficients of bias block D versus the input scaler at 25°C
and across process corners

—
N
|

—
[

o

Scaling factor (normalized to 25C) (V)
L | ; |

o

-40.0 -15.0 10.0 35.0 60.0 85.0
Temperature (C)

Figure 3-5: Transfer of RF input block and bias block D over temperature, normalized to 25°C
[solid = RF input scaler, dotted = bias block D]

Noise The output noise can be calculated by terminating the input with 502 impedance
and looking at the output impedance:

Zout = ((50”75) + 70)”80 =44 Q,

- V2
V2 .t =4kTR = 178kT T (3-7)
Z

n,ou

the effect of this noise source will be further investigated in Section 3-5-3.

Bandwidth Because the RF input scaler is located before the active RF circuitry, its band-
width should not dominate the overall bandwidth. Although the sizes of the resistors are
relatively large, the low impedances to ground inside the circuit result in a high bandwidth.
The extracted (C-only) BW is plotted in Figure 3-6. The BW is large enough such that at
10 GHz the intercept point will shift only 0.5dB. According to Section 3-2-2 the -3 dB band-
width of the gain cell is around 2 GHz BW. Thus the RF input scaler will not be dominant
in terms of Bandwidth (BW).

3-2-2 Gain Cell

Function The function of the gain cell is to provide a constant gain over temperature, with
maximum bandwidth, as described in Chapter 2.
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Figure 3-6: Bandwidth response of RF input block up to 10 GHz

Implementation As suggested in Chapter 2 the gain cells comprise a differential pair, as
shown in Figure 3-7. To be able to cascade the gain cells?, a voltage follower was needed.
This part of the gain cell levels down the common-mode voltage of the output to properly
bias the input of the next gain cell at a common-mode which does not limit the output swing
of the gain cell.

An open-loop system was chosen because this topology is preferable for achieving a small gain
with a maximum bandwidth. Differential input circuit are used in the complete RF core to
reject common-mode interference coming from the rest of the chip.

A normal voltage follower with bulk to ground connection proved to be problematic due to
the body effect. The substantial increase in Vi would limit the drain-source voltage of the
current source in the next gain cell, squeezing it out of saturation. In the given CMOS 0.18 pm
process isolated NMOS devices were available, which do not suffer from the body effect® and
therefore leave more voltage headroom for the next gain cell.

On top of the input devices, cascodes are used mainly to increase the output impedance which
slightly increased the gain due to the finite output impedance. For the same gain and current
this resulted in slightly larger bandwidth, at the cost of maximum output voltage swing.

Given the specifications as mentioned in Chapter 1, the total dynamic range for the log-amp
detector should be >30dB. The total gain of the cascaded gain cells is the gain at which the
input should increase from the first detector-cell knee voltage, to the last. If four gain stages
would be used with each around 10dB of gain, a theoretical maximum of 40dB dynamic
range should be possible.

The maximum output swing of the gain cell should be large enough to be able to steer
most of the output current of the detector cell and to adhere to max(Voyi.a) > Exp. With
an maximum voltage output swing of 380 mV, 88% of the detector cells output current can
be reached. A higher voltage swing would increase the current consumption for the same

2 As discussed in Chapter 2 the gain cells will be cascaded to form a log-amp.
3In a isolated NMOS the bulk always is connected directly to its source, eliminating the body effect.
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Vdd
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Figure 3-7: Schematic of the gain cell

bandwidth and bias conditions. The common-mode input/output voltage is 1V, leaving
enough voltage headroom for the current sources M3, M4 and M5 with source degeneration.

Bandwidth To achieve the highest bandwidth given the technology, the gate length is set
to 0.18 um for the input transistors (M1 and M2) and the voltage followers (M6, M7). To
estimate the effective bandwidth it is first important to identify the nodes that will limit the
performance. In Figure 3-7 the nodes R, and R,, have a relatively high impedance to ground
and high capacitive loading from the isolated NMOS. Also the output nodes Vo4 and V.
have a high capacitive loading due to the isolated NMOS devices and the input capacitance
of both gain cell plus detector cell. To model the bandwidth capacitors Cy; and Cs represent
the total load capacitance at these nodes. For an explanation on the origin of C; and C5 see
Appendix B-2. The total transfer is given by* (see appendix for calculation):
‘/out 9m1 Rc

Vo~ (15 5C1 R+ 5Ca/gms) (3-8)

in which the trans-conductance of the isolated NMOS, gu6 equals 3.8x1073 [A/V], C} is the
capacitance at the nodes V,/V,,, and C5 is the capacitance at the output. Transistors M8 and

4The transfer assumes infinite output impedance’s of the devices.
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M9 limit the Miller effect of Cgpi 2 because the gain of M1/M2 from gate to drain is only -1
due to the cascoding. With a gain of 10dB the cascodes reduce the Miller effect of Cgp1 2
by a factor two. This effect is however relatively small: Cgp1 2 only equals 8.5 fF and is thus
relatively small compared to Cs.

Ci = 45fF
Cy = 252fF

The capacitances at these two nodes, together with the impedances to ground yield two poles:

1
o = 27 R.C1
= 177 x 10° Hz, (3-9)
o gmé6
o2 = 27w (4
= 2.4 x10° Hz. (3-10)

From (3-9) and (3-10) both poles have around the same bandwidth. In the circuit of the gain
cell each current source pulls 200 pA. This current distribution inside the gain-cell circuit
is close to the optimal distribution because the bandwidth is always limited by the most
dominant node.

Using a small-signal AC simulation, the extracted parasitic capacitance bandwidth of the gain
cell loaded at the input and output with a gain and detector cell is given in Figure 3-8. In
this figure the extracted BW in the simulation is a bit faster than the schematic BW thanks
to optimization® of the layouts of the isolated-NMOS devices M6,/ M7 of Figure 3-7.

Comparing the simulation result of Figure 3-8 with the poles f,1 and f,2 shows that the
calculation accurately predicts the simulation result.

Gain over temperature The PTIM bias current discussed in Section 2-5 is generated in the
circuit of Section 3-3-1, which keeps the gain constant over temperature:

X
Tias-A(T)pTIM = B0 oA

7T)R3(T)' (3-11)

In Figure 3-9 the small-signal gain is simulated at 100 MHz over temperature for three process

corners, which show that the gain error over temperature is restricted to <0.1dB.

The slope and intercept-point equations, shown in Chapter 2, indicate that a gain variation
will most dominantly effect the intercept point:

Exp
Vi A5 (3-12)
AV AA
_ 3-13
AP, = 0.5 dB, (3-14)

thus the intercept error for each process corner over the temperature range is <0.5dB.

5Substantial reduction in deep n-well area.
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Figure 3-9: Gain of gain cell over temperature [corner: slow = blue, typical = green, fast = red

]

Input offset Because the input transistors are made relatively small to achieve high BW,
they will have a significant mismatch. This can be problematic in an open-loop system with
a high gain (40 dB in this design), because an input offset of a couple of millivolts in the
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first gain cell can clip the last couple of stages. If this occurs, part of the channel will not be
usable, limiting the dynamic range significantly. To prevent this phenomena an input-offset
cancellation loop is used as described in Section 3-2-4.

Equation 3-15 describes the offset as a function of the gate area WL of the transistor and
the Pelgrom constant Ayyy, a process dependent offset parameter [14]. The input transistors
of the differential pair are biased close to zero overdrive voltage, to efficiently use the limited
voltage headroom of the 1.8V supply. Therefore, the threshold-voltage variation is assumed
to be dominant in output current offset.

Avin

VWL

Using this formula the (AVinput,08)30 = 7 mV, which was confirmed with a DC match sim-
ulation®, which yielded a (AVinput,08)30 = 8 mV for the input devices. Caution is advised
with using the Pelgrom constant in this condition, because the layout is done with bandwidth
in mind. The transistor pairs that are considered are relatively far apart and no matching
geometries are used for both the gain cells and detector cells. The layout of these cells was
arranged to minimize parasitic capacitance, not to minimize offset. Therefore, it is preferable
to have some margin on the amount of steering capability of the offset cancellation loop,
which will be discussed in Section 3-2-4.

(AVTH)s =

(3-15)

Gain cell to gain cell mismatch The matching of the current sources from gain cell to gain
cell is of importance as well. Different tail currents Ipj.s.4 will result in a different gain A for

each gain cell:
A= V 5OIbias-A : R07

taking the first-order derivative over the bias current for: (Alpjasa)se = 5.3 pA7, Tpjasa =
200 1A, By = 0.0125 A~1Q~2 and R, = 2k yields:

R/ Bo
2 V Ibias-A

Comparing this to Figure 3-10 where multiple Verilog-A simulations show the effect of gain
errors between gain cells: +5%, +10%, £20%. This plot gives an understanding in how much
gain error between gain cells is allowed for a certain log-conformance error. Gain errors less
than 5% translate to log-conformance errors << 0.5 dB, which can be neglected.

(AA)30 = Alpjas A - = +0.04 = +1.3%. (3-16)

Noise The dominant noise sources of the gain cell are the input transistors as well as the
voltage followers. All noise at the input of the channel will be amplified by the channel over
the complete bandwidth and converted to DC by the detector cells, rendering thermal noise
as the dominant noise source. Base-band signals out of the rightmost gain cell experience
feedback to the input of the channel via the offset-cancellation loop. Therefore, the effect of
1/f noise is reduced by the loop gain.

The thermal noise of a MOS device is given by [12]:
I? = 4kTgao, (3-17)

5Simulation that calculates the input referred offset using statistical device models.
"Based on a DC match simulation, see appendix B-2.
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Figure 3-10: Output of log-amp detector with mismatched gain cells [black = 0%, red = 5%,
green = 10%, blue = 20%

in which gqo is the inverse of the output impedance in the triode region. For convenience
Jdo is assumed to be equal to g,, as used in [12], this assumption is most accurate for long-
channel devices. The parameter v = 1.8 for a typical 0.18 pm CMOS process [15]. Using this
parameter the input referred noise of one gain cell can be calculated as (see Appendix B-2):

V2

n,in,total

gl 1 gl
= 8k:T< + + ) , 3-18
Im12 gr2nl2RC gm67g§112R2 ( )

where gp,12 is the trans-conductance of the M1/M2, gn67 the trans-conductance of M6/M7
and v = 1.8.

To achieve a rough estimate for the noise it is assumed that: v = 1.8, A = gn12R. = 10.53
dB and gme7 = 2gm12. Thus g2 ~ 3.4/(2 kQ) = 1.7 x 1073 A/V. This results in:

VZoa = (85x10%+1.4x10%+3.7 x 10)kT, (3-19)
3, V7

= 10.3 x 10°kT —. 3-20

% Hz ( )

Later in this chapter the input referred noise of the log-amp detector is calculated. This
input noise source will appear on the output as a fixed noise pedestal level, which is an
output voltage even if the input of the log-amp detector is zero.
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3-2-3 Detector Cell

Function The detector cell is part of the log-amp detector, which rectifies the input RF
signal. The low-pass filter after the detector cell takes the average of all detector-cell outputs,
which will be a representation of the peak value of the input wave.

Implementation A detector cell with differential input is given in Figure 3-11. This detector
cell consists of two differential pairs in parallel: one connected to the input as in the gain cell,
while the other is connected to the common-mode of the input signal. As shown in Chapter
2, the output of the detector is given by:

B0 .
=V f Vin- E
Iout—D = {4 in-D7 1 D < FiD (3—21)

Lias-D,  if Vin-p > Exp

in which g = unC'OX%. The detector-cell transfer of (3-21) is a non-linear operation, which
modulates the input signal as described in Section 2-3. The detector cell is biased with a

lout+ lout-

Vin+
M1 M4 M3 M2
Rn
40 kQ
Y Y
4
Rn {
40 kQ
Vin
LT\
Vbias-D |
| M5
Rc
2.4kQ

Figure 3-11: Schematic of the detector cell
PTIM bias current generated by the circuit of Section 3-3-2. In the final design the detector
cell has a knee voltage Fyxp of about 0.3V, which adheres to max(Vou-a) > Exp.

The top-end and bottom-end correction factors were determined by comparing LCE plots for
the required RF frequencies and changing the factors for maximum dynamic range. These
simulations resulted in: By = 1.03 and Dy = 0.37.
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These values differ from the calculated values in Chapter 2: the top-end correction is actually
lower than 1 and the bottom-end correction is also smaller than calculated in Section 2-3-2.

Two things can be said about the top-end correction factor. The maximum output current of
a detector cell connected to a gain cell is limited by the output swing of the gain cell (88% of
Iviasp). The first detector cell is directly connected to the input and hence does not have this
limited max(Voyt-a). This can be corrected by reducing the current, consequently lowering
the top-end correction factor Dy.

Secondly it became clear that for sinusoidal input signals bottom-end correction is needed
(see Chapter 2). This effect is most apparent in the first detector cell because of the three
succeeding stages. Therefore, the top-end correction factor can be reduced.

The last gain cell has much smaller loading capacitance at its output (only a detector cell).
Hence, for high input frequencies its output swing will be higher compared to other gain cells
with more loading due to slewing. This reduces the bottom-end correction factor.

Bandwidth For the gain cell the bandwidth should be as high as possible to allow the log-
amp detector to work for high-frequency RF input signals. After the demodulation performed
by the detector cell only the DC part of the signal carries the information. High bandwidth
after demodulation is thus not of key importance. At nodes I+ and Ioyt. the demodulation
is carried out. Hence, before the signal reaches these nodes AC bandwidth is important.
This suggests that the input devices of the detector cell need to be small to reduce the load
capacitance at the output of the gain cells.

In Figure 3-12 the RF—DC demodulation bandwidth of the detector is simulated. A high-

20.0+
i —
Z15.0-
2 i
c i
o
2 ]
o -
510.01
£ s —
o |
[¢]
o
o]
5 i
Z 5.0 -
] —
0.0 -
| T T |||||\| T T |||||\| T T |||||||
10 8 10° 10"

Input Frequency (Hz)

Figure 3-12: DC output current of detector cell for a sinusoidal input signal with several ampli-
tudes [ blue = 0.1 V, green = 0.2 V and red = 0.4 V input amplitude ]

pass response at around 100 MHz is visible in the figure. This is due to the capacitance located
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at the source node of the input devices. The non-linear operation of the detector cell will
rectify the AC current into a DC output current, effectively increasing the current output of
the detector. Finally at around 6 GHz the DC output current will drop because Cng forms a
low-pass filter which squeezes the effective gate-source voltage, decreasing the output current.

Mismatch The slope Ky is directly affected by the output current of each detector cell:

InaX(Iout—D ) Rout
201log(A)

Kg = (3-22)
Hence, the maximum output current for each detector cell determines the local slope. This
current deviates for each detector cell mainly because of the input offset of input transistors
M1/M2/M3/M4, which are responsible for a fixed output current. This offset reduces the
effective steerable current and therefore reduces the local slope. The offset of one input
transistor of the detector cell is given by:

3Avn
AVin)se =
(Vi) WL

= 49mV. (3-23)

The output offset current follows from the trans-conductance g,14 = 125 x 106 A/V:

(Ajout—D)Sa = \/ZI *9mil4 - (AVTH)30
= +1.24A. (3-24)

Another part of the output offset comes from current source M5, whose DC current is different
for each detector cell. Using large transistors for the current source and applying source
degeneration the output offset current is given by®:

(Ibias-D)30' =20 ,U,A + 122 HA, (3—25)

which is negligible compared to the mismatch of the small input devices from (3-24).

The output offset calculation can now be rewritten to a local-slope offset for max(Iyut.p) =
[bias-D and Ibias—D =20 :U’A:

5KS Rout
0lbiasn  20log(A)’
(AKS> _ Alyasp
KS 30 B Ibias—D
— +1.2%. (3-26)

The total output current offset can be calculated using the offset of one detector cell as:
(Alget)30 = V5 - (AlyueD)3e = V5 - £1.2 pA = £2.7 pA, (3-27)

which will later be used in Section 3-5-3 to calculate the output pedestal voltage? spread.

8Based on DC match simulation, see appendix B-2 for calculation.
90utput of log-amp detector at zero input.
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Noise Compared to the noise from the gain cells, the noise from the detector cells will not
be dominant in terms of increased pedestal level. This is because the noise of the first gain
cell will be amplified and then demodulated by the detectors, resulting in an output pedestal
level. The detector cells do contribute to this pedestal level because input referred noise from
the detector will be demodulated to DC. However their contribution is limited because no
amplification is present.

The 1/f noise from the detector cells directly influences the complete output curve. However
this output voltage is negligible versus the output signal ranging from 0.4 to 1.8 V.
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3-2-4 RF Front-End

Function The RF front-end block has three functions: coupling of the RF input signal to
the log-amp detector, providing a proper common-mode for the first gain cell and detector
cell and control the input of the first gain cell to cancel the offset of the whole the channel.

Implementation The RF front-end circuit is given in Figure 3-13. Capacitor C1 couples the
RF signal into the channel directly to node Voyui4. Node RFyy,. is connected to ground and is
put there for symmetry. The common-mode generation part of the circuit is a replica of the
gain cell, rendering the output common-mode equal to the output common-mode of a gain
cell.

Input referred offset of the channel Given a gain of A ~3 for the gain cells, the complete
offset for the whole channel can be calculated using the offset calculated in Section 3-2-2 as:

N=1

4
Vos A
(VOS,in,channel)&f = \IZ =

8 mV)?2 8 mV)? 8 mV)?2
_ \/(8mV)2+( 32) . 34) i 36)
— 85mV, (3-28)

where Vog in A is the input-referred offset of a gain cell. The outcome of this equation proves
that first gain cell is the dominant source of offset for the channel.

Offset cancellation loop The feedback loop is shown in Figure 3-14. The output of the
channel is low-pass filtered, to measure its DC output. This output signal is fed back into
the circuit of Figure 3-13 at OS, and OS_, which controls the DC input of the channel to
cancel the total output offset. The maximum input offset steering capability of this loop is
50 pA - 2k = 100mV, which is much larger than the 60 input offset of the channel, 17 mV
according to (3-28).

Frequency Response The offset control loop can be seen as three blocks in a negative
feedback configuration as seen in Figure 3-14.

First lets devise the general frequency response, which is given by the black boxes A, B and
C in a negative feedback configuration as:

Vour = Vin[A(s)B(s)) = Vour(C(5) B(s)]
A(s)B(s)

= VT B )
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Figure 3-13: Schematic of RF front-end block
B -160 dB/dec
Gain-cell: 40 dB/dec Vout
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Figure 3-14: Block diagram of offset cancellation loop

substituting A(s), B(s) and C(s) in this equation:

Eric Muijs

A(s)
B(s)

C(s)

STA

14574’
1

(1 + STB)

1
1+ s7c’

8 Y
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Vous sTA(1 + s7¢) _
Vi B (1+STA)((1+STB)8(1+STC)+1) : (3 30)

This proves that the actual transfer is a band-pass response, with two zeroes and multiple
poles. This is confirmed by the AC simulation shown in Figure 3-15. The design of this
band-pass response should be such that at the minimum RF input frequency, the transfer is

flat. For this design the minimum input frequency is 20 MHz. The total -3 dB input frequency
bandwidth ranges from 20 up to 930 MHz.

931 MHz

50.0 -

e Pole from Ca + Ra >

] ~20 MHz
25.0 -

: -3 dB bandwidth of
0.0 l cascaded gain cells,

] Zero from Cc + R,

44 kH
-50.0- i \

Gain (dB)
N
vl
2

-75.0-
B : Coupling Cap
] (Ca)
-100 -
| T ||||||I| T I|II||I| T I|III||| T IIIIII|| T |I|||I|| T ||||||I| T I||I||I| T I|III|||
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Frequency (Hz)

Figure 3-15: Band-pass response of offset cancellation loop

Input-Referred Noise of the Channel The total input referred noise power of the channel
caused by the gain cells can be calculated by using (3-18) and referring every noise source to
the input of the channel (A = 3):

- 4 V2~ A
Vn%in,channel = Z Aan;l)’ (3—31)
N=1
1 1 1
_ 2
- Vn,ln—A <1 + A2 + ﬂ + 14(;)7
= Vi 1125,
VZ
= 1.2 x10*%T —
% Hz’

where Vn%im A is the input referred noise of the gain cell. The result of this calculation will
be used in Section 3-5-3 to calculate the output pedestal level caused by the noise from the

channel.
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3-3 Biasing
3-3-1 Bias Block A

Function Bias block A provides the bias current to make the gain of the gain cells constant
over temperature.

Implementation The circuit of bias block A is given in Figure 3-16. Its architecture is based
on the constant-g,, biasing from [1]. In the schematic of Figure 3-16 the currents through
transistors M1 and M2 are made equal by amplifier OA1l. For this situation the current
through resistor R ptim, Ibias-A, can be zero or defined by:

VGSI = VGSQ + Ibias—ARc,ptim y
21i0s- 21ias-
biosA | Viu = blas & | Viru + Inias-A Re ptim »
B n-p
21pias-A 21bias-A
Ibias-ARc,ptim = ;LS - \/ nl.asﬁ )

1 2L1  (yn—1)?
Rg,ptim :U’ncoxwl n ’

Ibias—A (3—32)
where = pu,CoxL1/W1, L1 the gate length of M1, W; the gate width of M2 and n the ratio
between the area of transistors M1 and M2 in Figure 3-16.

Current Ipiasa is exactly proportional to inverse mobility (PTIM) that was needed to bias
the gain cell, as discussed in Section 2-5.

Mobility Effect In the circuit of Figure 3-16 current Ipi,s.a should be such that the gain
of the gain cell is as constant over temperature as possible. To achieve this, the mobility

behavior of the bias current should be matched to the mobility behavior of transistors M1
and M2.

To increase the accuracy of the bias current two phenomena should be accounted for in the
PTIM bias generator: mobility degradation and velocity saturation, which are both short
channel effects. The effective mobility is given by:

HnVUmax L

) 3-33
Umax L(1 + 0Vov) + unVbs ( )

Mn-eff =

where vy is the maximum velocity of the carriers in the channel, 6 is a technology dependent
fitting parameter and Voy = Vg — Vi is the overdrive voltage.

The effective mobility is thus dependent on the biasing conditions of the Metal-oxide-semiconductor
field-effect transistor (MOSFET). The overdrive voltage of the input transistors of the gain

cell is equal to the overdrive voltage of M1/M2 in Figure 3-16 if they have the same current
density and the same unit device. Simulation results in Figure 3-17a show the gain error over
temperature for different L sizes inside the bias block A (same W/L ratio). When M1/M2 use

the same device size as the input transistors of the gain cell, the gain error over temperature
reduces to <0.5dB.
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Replica of Gain Cell CM vdd
<
Rc Rc Rc H
1kQ 500 Q 500 Q 8
a
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?
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OA1

]

o=y [

800uA 800uA

+ Ibias-D
200 pA

Rc,ptim

Rc Rc Rc
150 Q 150 Q 150 Q
gnd

Figure 3-16: Schematic of bias block A, based on [1]

In order to bias the input transistors of the gain cell and M1/M2 with similar Vpg voltages,
cascode devices M4 /M5 are employed in the bias generator. This further reduces the gain
error over temperature to <0.1dB for the extreme corners, as shown in Figure 3-17b.

Offset of Bias Current The transistors M1/M2 were copied from the the input transistors
of the gain cell for temperature performance. Their large current density per unit transistor
is however not beneficial to achieve a low offset. To reduce the offset significantly the current
consumption of this block will therefore be relatively large.

Calculating the bias current spread of bias block A can be predicted by looking at the Pelgrom
constant for both M1 and M2. M1 is four times smaller than M2, thus M1 will be dominant
in offset. Also part of the offset is from the input transistors of OA1l. Their offset results in
a mismatch between the current through M1 and M2.

A simplified calculation is done using the Pelgrom constant in Appendix B-5. This calculation
matched with a DC-match simulation in which the bias current spread is (Ipias-A )30 = 780 £
33 uA = 780 uA + 4.3%. The gain dependence on this current can be calculated through
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Figure 3-17: Normalized gain of gain cell over temperature

ReV/B
AA = Algsp ————
bias-A 2 V Ibias—A
o AATpias-A
Ad = 2Ibiaus—A
AA

This gain offset affects mostly the intercept, from chip to chip:

E
P = 20log (2‘?)
_ 20 m(EkD>
~ In(10) Ab )7
0P 20 A° —5Ep
§A  In(10) BEyp AS
—100 AA
AP =
! In(10) A
= F0.96 dB.

Start-up The cascodes used in the bias block A give rise to start-up problems if the amplifier
is biased from the current generated inside bias block A. This gives the bias circuit an extra
operating point in which transistors M4 and M5 can put M1 and M2 in triode, such that
M4 and M5 dictate the current flow of the circuit. To remove this operating point from the
circuit the amplifier was biased externally by bias block D of Section 3-3-2.
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3-3-2 Bias Block D

Function This circuit provides an accurate current reference for the back-end and the de-
tector cells. It is also used for biasing bias block A and starting every circuit in the chip,
except for the band-gap, which was equipped with its own start-up circuitry.

Implementation In the previous section the transistors of bias block A use the same unit
device as the gain-cell input transistors. Although this helped keeping the gain constant over
temperature, the minimum L transistors do not provide a very accurate current reference.
Also the current density per unit device is high (100 4A) such that distributing small currents
is less accurate.

As described in Section 2-5 only current I,;.s.p and the knee voltage have a direct relation with
the output curve. Keeping g,, constant over temperature is thus not important. Therefore
it is not necessary to have the same unit devices in this bias circuit as in the input devices
of the detector cell. Only the current sources of the detector cells match with M1 and M2 in
Figure 3-18, to copy current Ip.s.p easily with bias line Vjjas.a, the output node of OAL.

The accuracy in this circuit lies in the matching between the current source that biases the
detector cell and the current that will be divided in the current scaler, to be discussed in
Section 3-4-2. As long as the current over temperature approximately equals the current over
temperature from bias block A, knee voltages Eya and Eyp shift together over temperature,
which was explained in Section 2-5. Thus the assumption that one is dominant, will be valid
over temperature.

As discussed in Section 3-2-1, the temperature dependence of the input PTIM voltage scaler
matches over temperature with bias block D to achieve a stable intercept.

The unit devices of this bias block use large L (2 um) and two times the total transistor area
compared to the bias circuit of Section 3-3-1, to reduce the offset of the output current, which
will be responsible for slope variation from chip to chip. Large transistors as current source
for the detector cell reduce the mismatch between bias currents Ihias.p, reducing local slope
variations.

Offset of the bias current As discussed previously in Chapter 2 bias current Ilhias.p from
the detector cells directly affect the slope. Calculating the output current spread of this
bias generator can be predicted by looking at the Pelgrom constant for both M1 and M2.
Transistor M1 is four times smaller than M2, thus contributing more to the spread. Also the
offset of the input transistors of OA1 affect the output current because they are responsible
for mismatch between the current of M1 and M2 (see Appendix B-6). Using a DC simulation
the current from bias block D is (80 uA 4+ 1.25%)3,. The effect on the output slope is:

Ibias—DRout
Ks = 20log(A) ’ (3-35)
AKs _  Kg (3-36)
AL bias-D I bias-D ’
AKS _ AIbias-D (3_37)
KS Ibias—D ’
= £1.25%. (3-38)
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Figure 3-18: Schematic of bias block D

Start-up The start-up of bias block D was checked over all PVT conditions:

e Process corners: slow, typical and fast

e Supply voltage: 1.6 - 2.0V

e Temperature range: -50 - 125°C
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3-4 Back-End

3-4-1 Differential Current to Single-Ended Current Conversion

Function The differential current coming out of the low-pass filter in the RF core block,
represents the output of the log-amp detector. To further process this current it is made
sing-ended in this block. The advantage of a single-ended current is a more simple current
scaler, as will be discussed in Section 3-4-2.

Implementation The low-pass filtered differential output current of the detectors I4et, is the
input of this block. As the power increases of the RF signal, Iqet = Igets — Idet- increases. The
circuit of the detector, described in Section 3-2-3, is designed in such a way that e+ > Iget--
The amplifier OA1 in Figure 3-19 will make sure that the voltage across resistors R1. and
R2. is equal. When g+ > Iget- the difference, Iqet+ — Iget., flows though transistor M1,
keeping the voltages across the resistors equal.

Without current I.p,, the voltage at Iget4 and Iget. in Figure 3-19 is controlled to Vaq—Iget-n FRe-
For high-power RF inputs, the current Ige- becomes small compared to Iget-p, leaving little
voltage headroom for transistor M1. Therefore, a common-mode current, I.p,, is used to make
sure that M1 is biased with a minimum Vpg of 240 mV. To keep M1 on even if Iqety+ = Iget.,
an extra current Ipi.sp is added. After the PTM current scaler this current will translate to
a temperature independent pedestal voltage at the output, Vjedestal-

To accurately copy current Iget from M1 to M2, amplifier OA2 will make the drain voltage of
M2 equal to that of M1. Source degeneration could increase the matching between M1 and
M2 but was not applicable due to the low voltage headroom available for M1: Vpg ~ 240 mV.
The single-ended output current I is fed into a trans-linear loop, which will be explained
in the next section. Output current I, is used for voltage references inside the trans-linear
loop.

The circuits of OA1 and OA2 of Figure 3-19 are given in Figure 3-20a.

Frequency compensation The current through transistor M1 is constantly changing depend-
ing on the output current from the detectors. The trans-conductance (gm1) of M1 changes
with the RF input power. For low-power RF input powers the gain of M1: g1 R, < 1 and for
large input power gn1 increases such that g1 R. > 1. To compensate for the extra variable
gain generated though transistor M1 the Miller cap (C.) inside amplifier OA1 was increased
to compensate for the extra gain of the third stage. This is only possible because the gain
of the third stage is kept low (<5) by using a small resistor R, and low W/L ratio for M1.
A higher gain for the third stage would require a more complicated frequency compensation
network. The bode plot with and without frequency compensation is shown in Figure 3-21.

The frequency compensation in Figure 3-21 increases the load capacitance at node X in Figure
3-20a. Due to the Miller effect C, will be multiplied by the gain of the second stage (~120x).
The dominant pole with C, = 25 x 10712, Ay = 120 and the impedance at node X, To,X =

0.9%108, will be:
1

Jor = 21(1 4+ A2)Cero x

~ 50 Hz. (3-39)
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Figure 3-19: Schematic of differential current to single-ended current conversion block
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(a) Schematic

Figure 3-20: Amplifiers OA1 and OA2 from Figure 3-19.

The second pole (fp2) is around 500 kHz and is coming from the output node of OAL:
Vout. This pole is cancelled by the zero coming from the frequency compensation network
(Ce =25 pF, R, = 13 kQ, gms = 220 x 10754/V):
_ 1
21Ce(R, — g.3)

fza ~ 750 kHz!0. (3-40)

This pole-zero cancellation with R, significantly increases the phase margin. The second zero

0Given in [12] on page 365.
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Figure 3-21: Bode plot at room temperature for maximum input power [solid = after-, dotted
= before- compensation]

(fz,2) of around 2MHz is coming from the low-pass filter of the RF core block. This zero
limits the gain margin.

Figure 3-22 shows the phase and gain margin versus RF input power. As the input power
increases the phase and gain margin drop substantially. The minimum Phase Margin (PM)
and Gain Margin (GM) over process corners (slow, typical, fast), supply voltage (+10%) and
temperature (-40°C - 85°C ) are given by:

PM > 61°
GM > 15dB

Offset The output current offset from this circuit is dominated by the input offset of OA1,
in Figure 3-19. The large size of the current mirror consisting of M1 and M2, their offset
contribution on the output current is not dominant. The input offset of OA1 is dominated
by M1, M2 and M3, M4 in Figure 3-20a:

3A
(AVrH)semi2 = %,
— 0.6 mV, (3-41)
(AVrH)3s0m34 = 1.9 mV. (3-42)

The input offset follows from:

2 2
(AVin,0A1)30 = \l ((AVTH)3U,Jv112> + <(AVTH)3U,M34 . égymj;l) = 1.76 mV (3-43)
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Figure 3-22: Phase and gain margin over input power. [solid = PM, dotted = GM]

Any offset at the input of the amplifier OA1 will be converted into an output current by the
R1. and R2,. resistors in Figure 3-19:

(Avin,OAl)SU

= A =20+ 0.59 pA. (3-44)

(Iout)?)a - 20:“’ +

This result was verified with a DC match simulation where (Alyy)ss = 0.67 pA. The DC
match differs due to the mismatch of the currents Icyr in Figure 3-19, which was not included
in the calculation.

In the above offset calculation the spread of the current Ily,s.p and detector cells was not
included because the total offset of the pedestal voltage will be calculated in Section 3-5-3.
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3-4-2 Current Scaler

Function As described in Section 2-5, a PTM current scaler block is needed succeeding the
detector cells for the PTIM temperature compensation scheme. A trans-linear (TL) circuit
does this current operation.

Implementation The CMOS fabrication process allows for a maximum supply of 1.8V for
the low-voltage devices. Because this supply voltage is nearly equal to two stacked Vies of
~700 mV, little voltage headroom would be left for the current sources and other bias circuitry.
Therefore, for this trans-linear loop, the up and down topology is the most convenient [16].
Figure 3-23 shows the current scaler, with an ideal transfer of:

Ieon
Iout = Idet ICO St) (3'45)
ptim

which is the current operation needed to make the PTM scaler, as discussed in Section 2-5.

To make room for transistor M5, the whole trans-linear loop is lifted up by 0.2V, as shown
in Figure 3-23 by the voltage source Vief.

For optimal performance the available bipolar devices were used for the translinear-loop. For
a complete CMOS implementation these can however be replaced with MOSFETSs biased in
weak-inversion.

Due to low-beta (5 < 30) bipolar devices available in the CMOS process, base currents
cause relatively large errors in the transfer function. Using amplifiers which can feed these
base currents, the ideal function can be approximated much more closely. Biasing the bipolar
devices with approximately equal V. minimizes the error due to the Early effect. The collector
current of transistors Q1 and Q4 is equal to Iqet and Iyt respectively, the value of which can
be up to 160 A, Therefore OA1 and OA3 must be able to supply the base currents which
can be 6 pA in worst case conditions. The circuit diagram of amplifiers OA1-OA4 is given
in Figure 3-24a, which consist of a basically a differential pair with a current mirror on top.
OA5 differs because its low common-mode input voltage of ~0.2V requires a PMOS input
pair, as shown in Figure 3-24b.

Frequency Compensation The single-stage amplifiers of Figure 3-23 form, together with
bipolar transistors Q1-Q4, two-stage feedback loops. The gain of these loops is not very
important because the base and collector voltages do not need to be exactly equal: for V4, < 50
mV the second-order effects will be small.

The most favorable frequency compensation technique, a phantom zero [17], which is an
implemented zero which is visible in the loop but not in the transfer, will not be effective;
OA1 together with Q1 form a loop with current output. The feedback comes from the high
impedance node, the collector of Q1. To make the feedback stronger a really large resistor or
inductor is needed, which is not practical for all the loops in Figure 3-25.

The next preferred stabilization technique is pole splitting, which is used for all five loops.
The trans-conductance of bipolar transistors Q1 and Q4 varies because the input current

Hg5°(C, fast process corner and maximum output detector cells.

Master of Science Thesis Eric Muijs



62 Circuit Design

vdd

() oo™ R e
C

Vref2

OA3

Q1

X/

Q2 Q3 Q4 ot @

OA2

K

[—+

I : OA5 > | M5
Vref1 %
200 mV

Figure 3-23: Complete schematic of the current scaler

varies from 20 to 120 4A at room temperature. This changes the total gain of the loops and
could potentially affect stability. However, due to the Miller effect, a higher g,, will increase
the Miller capacitance and therefore the stability is nearly independent of the input current
Iget, in contrast with the loop in Section 3-4-1. The five feedback loops of Figure 3-23 are
described in Table 3-3.

All of these loops use the same frequency compensation technique!?: addition of a Miller
cap (C.) to slow-down the dominant pole and use the nulling resistor (R) to approximately
cancel the first non-dominant pole in the loop.

The minimum phase margin and gain margin for all loops over corners (slow, typical, fast),

supply voltage (+10%) and temperature (-40°C - 85°C ) are given by:

PM > 68°
GM > 16dB

Offset The output current offset of Figure 3-23 is dependent on: Alget, Alptim, Alconst, the
matching of Q1-Q4 and the matching of M3 and M6.

12This compensation technique a combination of pole-splitting (the Miller capacitance) and pole-zero can-
cellation (the nulling resistor combined with the transistor).
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Figure 3-24: Amplifiers OA1-OA5 from Figure 3-23

Loop Devices Figure Description
1 0OA1, Q1 3-25a Bias Q1 at Ve ~ 0
2 OA2, M1, Q2 3-25b Bias Q2 at V4 ~ 0 by controlling the emitter.
3 0A3, Q3 3-2ba, Bias Q3 at Vi ~ 0
4 OA4, M3, Q4 3-25¢ Bias Q4 at Vi ~ 0
5 OA5, M5 3-25d Bias Q2 with Itim and Vie ~ 0

Table 3-3: Loops of Figure 3-23

By their sizing the bipolar devices were made negligible in terms of offset. Looking at the
trans-linear block only, without the spread of the input currents, M3 and M6 dominate the
offset performance:

(Alout)30c = gm36(AVrH)30,m36 = 0.49 pA, (3-46)

which was confirmed by a DC match simulation, rendering (Alyyt)ss = 0.52 uA. The effect
of this output current spread on the intercept point will be calculated in Section 3-5-2.
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Figure 3-25: Equivalent circuits of the loops from Figure 3-23
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3-4-3 Bandgap Reference

Function For the trans-linear loop in the previous section, a constant over temperature
current I.onst and two Vief’s are needed. This block provides these currents.

Implementation The band-gap voltage block will be treated like a black box in this thesis,
because it was copied from the IP'? library. It is modeled in Figure 3-26 as a DC voltage
source.

To create a temperature independent current for the trans-linear loop, the R1. resistor is
used to convert the band-gap voltage into a current. The constant current is copied using
transistor M1, M2, M4 and M5. Transistor M2 is biased with a drain voltage which is made
equal to M1 with OA2, to accurately copy the current. This is important because current
Iconst Will be used in the trans-linear loop to scale the output current, which will define the
complete transfer'® of the log-amp detector.

Currents o1 and Iep are used inside the trans-linear loop to for two reference voltages and
is used as Iy, in the circuit of Figure 3-19.

— Bandgap_
vdd

;0A1 IEM‘: IEMZ IEH EMS

Cc ——
Rz

| |

| I

I I

| I

| I

I I

| |

| I

I I _
(D) [ L WS S
| | d

| |

| I

I I

| |

| I

| |

| [

1.2V
Ric Iconst A
30 kQ oy

—————— ==

Figure 3-26: Schematic of the bandgap reference

Frequency compensation Similar as in the previous sections, the frequency compensation
consist of pole splitting using the Miller effect and pole-zero cancellation with R,. OAl is a
differential pair with a PMOS mirror on top, equal to the circuit of Figure 3-24a. Together
with transistor M1 of Figure 3-26, the loop consist of two stages. The output of OA1 will be
the dominant pole, which can be compensated using Miller compensation. With the addition
of C. in Figure 3-27, the bandwidth of the dominant pole is reduced from about 10 to 1 KHz.
The added zero from the nulling resistor compensates for the pole of around 10 MHz.

BIntellectual property.
M Changes in this current directly control the slope of the transfer curve.
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Figure 3-27: Loopgain and phase of OAl with M1. [solid = with-, dotted = without- compen-
sation]

Amplifier OA2 is a two-stage amplifier equal to the circuit of Figure 3-20a. Because OA2 is
only used for biasing the drain of M2, the gain could be kept low. Stabilization was obtained
using Miller compensation.

Offset The voltage from the band-gap block will be copied by OAl as Vigo. Assuming
infinite gain and an ideal band-gap reference voltage, the error on Vi, will be caused by the
input transistors of OA1:

(AngQ)gg =1.5mV. (3—47)

Another important source of output current offset is the mismatch between and M1 to M2.
M1 is two times the size of M2, such that the final output current is equal to 20 uA. Using
the Pelgrom constant to calculate the offset between M1 and M2:

34y, \? 34y, \?
AVin)3o - ( ih ) +( ih ) —0.9mV, 3-48
(AVin)3e,m1,M2 J ST SV (3-48)

combining this result with the trans-conductance of M2: 255 x10~% A /V, results in an output
current spread of:

AVig2)3o >
(AICOHSt)SO' — \l ((]’t%gQ)Zi) + (ng(AVTH)gmMLMg)Q = 023 ,uA

Comparing this value to the DC match result of (Alconst)ss = 0.28 pA, proves that the
calculation is quite accurate. The rest of the spread originates from the band-gap circuit.
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3-4-4 Current to Voltage Buffer

Function This block does some extra low-pass filtering and the final current to voltage
conversion. The output op-amp should be able to handle a variety of output loads.

Implementation The circuit of the current to voltage buffer is given in Figure 3-28, in which
the amplifier is shown in Figure 3-29.

vdd
2X Voltage amplifier Output Load
+ lout r‘___________l l____________l
I I
Vin I I
LPF I + I I Vout I
|— T 7 T Bw=s00KHz 1| | Output OA T |
- I I
I | I R1c | I |
I | : 50 kQ | : |
I
Rout,c c1—L— | | 1
: 8.4 kKO WoF—T— | : | : Rload Cload —— |
| | | R2c | | |
I : I 50 kQ | | I
! | | !
| T I [ I
__________ Jv___________l — e e 1

Figure 3-28: Schematic of current to voltage buffer with load

I-V Conversion The output current of the log-amp detector I,y is converted to a output
voltage with resistor Rout .. Voltage Vi, ranges from 0.17 up to 1 V at maximum input power.
The final low-pass filter determines the speed of the response to a power step at the input.
Excluding the output load capacitance from the measurement equipment, the ideal response
time would be (500 KHz) ™! = 2 ps.

Output Op-Amp The circuit of the Output OA is given in Figure 3-29. The final output
stage of the op-amp is a simple class-A stage with a 320 4A current output. A PMOS input
pair was chosen for two reasons: the common-mode level of Vi, does not exceed 1V and
PMOS have better matching compared to the NMOS transistors. Frequency compensation is
again done through pole splitting, because the unknown output load will not qualify for the
phantom zero stabilization technique. Given a resistive load of 50 k{2 and a high input Vi, of
0.8V, the PM and GM for multiple capacitive loads are shown in Figure 3-30.

Offset The first offset component is originating from the input devices of the opamp. This
input offset directly affects the output voltage, thus changes the intercept of the curve. An-
other offset component is the matching between the resistors of the feedback network, which
affect the output slope. The effect of this mismatch is not dominant due to the size of the
resistors in the layout. The mismatch between input transistors M1 and M2 in Figure 3-29
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Figure 3-29: Schematic of output OA from Figure 3-28

is given by:
3Ay.
AV - = i —=(0.53 mV. 3-49
(AVrrMI12)3 WL (3-49)
Also M8 and M9 in the opamp play an important role for the input offset:
3A
(AVrHMS9)30 = 7\/1/‘% = 0.40 mV, (3-50)
calculating this to the input of the opamp and adding the contribution of M1 and M2:
9JmB89 2
(AVin)so = (gle(AVTH,MSQ)30> + (AVrmMi12)3, = 0.88 mV (3-51)

The output offset is two times the input offset of the opamp'®: (AVout)3s = 1.76 mV. This
matched with a DC match simulation: (AVoyt)se = 1.72mV. This output offset affects the
intercept point as described in Section 3-5-2.

15 Assuming that the resistors are not dominant in terms of output offset.
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3-5 Output Characteristics

3-5-1 Slope

The slope can be calculated from Ilpisp = 20 uA, Rout = 8.4 k), A = 10.5 dB = 3.4, the
current-gain of 1 of the current scaler and the 2X multiplication by the output buffer:

21 bias-D Rout
Kg = ———— 3-52
S 201og(A) (3-52)

= 32mV/dB. (3-53)

Table 3-4 adds the main contributors for the slope offset.

Input transistors detector cell +2.7%
Bias block D +1.3%
Band-gap output current +0.6%
Current Source of Detector Cells 40.3%
Total +3.1%

Table 3-4: Slope offset contributors (3¢)

(Kg)3s =32+ 1 mV/dB (3-54)

3-5-2 Intercept Point

The intercept point of the log-amp detector can be calculated from A = 3.4, Exp = 0.3V,
N=4, X=0.9, By=1.03 and Dy = 0.37:

Exp
(VD)rere = AX—1)+N+Do+Bo—1’ (3-55)
= 1.6x1073V, (3-56)

which is the input voltage at the RF Front-End. To calculate this voltage back to the input
this voltage is multiplied by the inverse transfer of the RF input block (0.5371):

Vi =0.53"Y(Vi)rprE = 3 X 1073V, (3-57)
with the 502 input impedance this translates to a DC input power of:
Pr = 10log(V}?/50) = —67dBW = —37.4dBm (3-58)

The fixed pedestal output voltage of 336 mV shifts the intercept point down with 366/32 =
11.44dB. Yielding a DC intercept of -49 dBm, which is equivalent to a sinusoidal input power
of -46 dBm.

Table 3-5 shows the main contributors to the slope offset.
(Pr)3, = —46 + 1.8 dBm (3-59)
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Detector Cells +1.4dB
Bias Block A +1dB
Differential to single-ended current conversion +0.3dB
Current Scaler +0.25dB
Current to Voltage Buffer +0.1dB
Total +1.8dB

Table 3-5: Intercept offset contributors (30)

3-5-3 Pedestal level

The pedestal level on the output curve, which is the output voltage for zero input power, is
coming from:

e Fixed current Iptim added in the circuit of Figure 3-19

e Detected noise of the RF-core

The absolute pedestal level, excluding noise sources is simply: Vijedestal = 2RoutIptim = 336
mV. To estimate the DC offset of the pedestal level, the detector cells are assumed to be
dominant in offset. As calculated in Section 3-2-3, the output current spread of the detector
cells is given by:

(AIout,Bdet)iio + 2'7,UA : (3'60)

The trans-linear loop has a current gain of 1, thus the current is multiplied by the resistor
Rout = 8.4 k) and multiplied by two by the output buffer:

(Avpedestal)&f = (Ajout,fydet)?)a . (2R0ut) =45 va (3'61)

which matches with a DC match simulation which yields: (AVpedestal)3o = 51 mV.

To estimate the input noise power which is modulated by the log-amp detector, it is assumed
that the channel has a finite bandwidth with an eight order pole at a frequency w,. Because
the total BW as seen from Figure 3-15 is only 930 MHz, the effective noise BW is B,, ~ 940
MHz (see Appendix B-4 for derivation). For T = 300 K the calculated effective input-referred
noise power is (see Appendix B-4):

Pinef = —49.5 dBm (3-62)

which is the power of a sinusoidal input signal which is responsible for a fixed output noise
voltage. Comparing this value to the intercept point of -37.4 dBm (without the fixed pedestal)
shows that noise will not be dominating the output pedestal level. This was confirmed by
a transient noise simulation with a 10 GHz input noise bandwidth, rendering a noise output
pedestal level of 8 mV. This result is indeed negligible versus the fixed DC pedestal level of
about 0.34 V.

If the noise would be dominant, it would limit the lower part of the dynamic range, such that
adding extra stages will not achieve a lower intercept point. Adding stages will only increase
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the noise due to the higher gain of the channel and only extend the dynamic range to higher
power levels.

The following chapter will discuss the measurement setup and show the most important
measurement results.
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Chapter 4

Measurements

This chapter will show the measurement setup, the results and finish with a discussion and
comparison versus other log-amp detectors.

4-1 Measurement Setup

The measurement setup is given in Figure 4-1. The chip is put on a test Printed Circuit
Board (PCB), which is connected to a power supply, vector signal generator and a digital
multimeter. Using LabView software, the Vector Signal generator can be controlled with a
General Purpose Interface Bus (GPIB) to sweep the input power, modulation and frequency.
The output voltage is then measured using a digital multimeter which also connects with
the GPIB interface. The measurement data is written into a “txt” file which is read by a
MATLAB script for generating the plots in this chapter. A detailed figure of the measurement

setup can be seen in Figure 4-1.

GPIB
Vdd1v8 Vdd1v3

Vector Signal generator

Agilent E4438C
Test PCB
RFout RFin CMOSLOGDET GND
GND

Vout

GPIB
Vout1
Power Supply Computer
Agilent E3649A LabView
Vout2
GND GPIB
GPIB
N

n
Digital Multimeter
Agilent 34401A

~

Figure 4-1: Block diagram of measurement setup

Two types of measurements were carried out:
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1. A batch of 24 samples was measured for sinusoidal inputs at 100, 700, 900, 1500, 1800
and 2100 MHz over the full input power range (-50 to +10dBm). The detection curves
were obtained at -40, +25 and 85°C for a fixed 1.8 V supply voltage.

2. A batch of 3 samples was measured for sinusoidal inputs with an input power of -20,
-10, 0, +10dBm for an input frequency range from 10 MHz to 10 GHz.

Recap of most important definitions:

LCE The log-conformance error is the error in dB from an ideal logarithmic response.

EVOT This metric shows the error in dB between the log-amp detection transfer at a certain
temperature in relation to the transfer obtained at the 25°C reference temperature.

Typical The average performance of all samples for every input power.

Max Temperature Drift The error range which fits the outer boundaries of the EVOT
plot for all samples.

4-2 Measurement Results

1. Figure 4-2 shows the typical (average among the 24 samples) detection (a), LCE (b),
EVOT (c) and slope (d) curves for all measured input frequencies.

2. Figure 4-3 shows the frequency response for all four input powers at room temperature.

3. Figure 4-4 shows the transfer of all boards over temperature for every measured input
frequency.

4. Figure 4-5 shows the typical LCE plots at -40, +25 and +85°C.

5. Figure 4-6 shows the temperature drift of all samples for the extremes of the temperature
range (-40°C and 85°C) in relation to 25°C.

6. Figure 4-7 shows the distribution of the intercept point and the slope over temperature.
7. Figure 4-8 shows the distribution of the pedestal level over temperature.
8. Table 4-1 is a summary of the most performance data

9. Table 4-2 sum up non-RF specifications
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Figure 4-2: Typical performance over frequency
Frequency 0.1GHz 0.7GHz 0.9GHz 1.5GHz 1.8GHz 2.1GHz
DR LCE < +1dB 25C 40dB  39dB 36dB  25dB 19dB 15dB

DR LCE < £+1dB -40/85C 38dB 38dB 34dB - - -
DR LCE < +3dB -40/85C 49dB 45dB 42dB  30dB 24dB 19dB
Max Temperature Drift (dB) +1.1 +1.0 +1.1 +1.1-1.7 +1.4,-1.9 4+1.6,-2.0

Table 4-1: Performance summary: Typical LCE and Max Temperature Drift.

Specification Quantity
Supply Voltage 1.8V
Power Consumption 6.3 mA
Chip Area 0.76 mm?
Response time 6 s

Table 4-2: Baseband Specifications
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Figure 4-3: Output voltage over frequency at several input powers, three samples
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Figure 4-4: Transfer over temperature for all samples at several input frequencies [blue = -40°C,
green = 25°C, red = 85°(C]
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Figure 4-5: Typical LCE performance for several frequencies
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6

4+

I -40C

0.34

0.36

0.38

0.4 0.42 0.44 0.46

Pedestal Voltage [V]

Figure 4-8: Spread output pedestal over temperature

Eric Muijs

Master of Science Thesis



4-3 Discussion 81

4-3 Discussion

Bandwidth The -3 dB bandwidth of the four cascaded gain cells is around 930 MHz. This
BW limitation is temperature dependent. For lower temperatures the BW is higher, which
results in a temperature dependent intercept point. This degrades both the EVOT and LCE
for input frequencies above 900 MHz.

Dynamic Range The DR for +1dB LCE is 39dB at 25°C for frequencies between 100 and
700 MHz. For input frequencies above the -3dB BW of the cascaded gain cells, 930 MHz, the
+1dB-LCE dynamic range is reduced significantly.

Error Variation over Temperature Up to 900 MHz the temperature drift is never larger
than +1.1dB for all 24 measured boards. This result was achieved without employing any
method of temperature calibration. For input frequencies above the -3dB BW of 930 MHz,
the temperature errors become larger because the bandwidth is temperature dependent.

For low temperatures the gain cells have a larger bandwidth, while for high temperatures this
bandwidth is smaller. Hence, the gain of the gain cell becomes more temperature dependent.
This affects both the intercept point and the slope.

Intercept Point The spread on the intercept point is more than expected in the calculation
of Section 3-5-2, which showed that (Pr)s, = —46 = 1.8 dBm. This could be explained by the
layout of the detector cell, which was optimized for low parasitic capacitance. The Pelgrom
constant however assumes a layout optimized for offset, underestimating the input offset of
the detector cells.

Slope As the slope is the conversion parameter of the log-amp detector, it is expected to
be constant over samples and temperature. From the calculation of Section 3-5-1 the output
slope is given by (Kg)s, = 32+ 1 mV/dB. The histogram of Figure 4-7 confirms that the
calculation approximates the spread of the slope.

Pedestal Level The calculated output pedestal level was given by (Vpedestal)gg = 336 £+
45 mV. This is rather low compared to the output pedestal spread of Figure 4-8, but can be
again explained by the detector-cell layout.
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4-4 Performance Comparison

Log-amp detectors in bipolar technology present good temperature stability for RF applica-
tions [7, 8. CMOS log-amps for RF power-detection so far published fail to demonstrate
consistent performance over a wide temperature range [9, 10].

The CMOS log-amp detector presented in this thesis does compete in temperature stability
with published bipolar log-amp detectors [7, 8] as well as commercial products of the ma-
jor analog companies [2, 3, 4, 5]. These companies are Analog Devices (AD8314)[2], Texas
Instruments (LMV221)[3], Linear Technology (LT5534)[4] and Maxim (MAX4001)[5].

From the results in Table 4-3, the designed CMOS log-amp detector can match products
in terms of temperature performance, dynamic range, power consumption and power range.
However, the CMOS log-amp detector lacks the large bandwidth of the commercial products.

Specification This Design AD8314 LMV221 LT5534 MAX4001
DR #£1 LCE 50-100 MHz 25°C 40dB  46dB 40dB 52dB 45dB
DR £1 LCE 900 MHz 25°C 36dB  48dB 44dB 52dB 45dB
DR +1 LCE 1800 MHz 25°C 19dB  45dB 43dB  52dB 45dB
DR +1 LCE 50-100 MHz -40/85°C 38dB  43dB 32dB 38dB 42dB
DR +1 LCE 900 MHz -40/85°C 34dB  43dB 34dB 47dB 43dB
DR +1 LCE 1800 MHz -40/85°C - 38dB 34dB 34dB 43dB
F;, Min [MHz] 20 100 50 50 100
F;, Max [MHz| 900 2700 3500 3000 2500
Response Time 6 us 70ns 2pus 40ns 70ns
Power Range (—) [dBm] -40 -47 -45 -58 -45
Power Range (+) [dBm] +5 -5 +2 +2 0
Power Consumption [mW] 11 12 20 19 17

Table 4-3: Performance of this design versus four commercial products [2, 3, 4, 5]

A smaller CMOS technology node would allow the extension of the bandwidth for the same
current consumption, which will be investigated in the next chapter.
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Chapter 5

Scaling

5-1 Process Technology

The log-amp detector was designed and produced in CMOS 0.18 um, which is a relatively
mature technology. To achieve more bandwidth (BW) for the same current consumption, two
newer CMOS technology nodes were investigated: 130 nm and 65 nm.

To compare the bandwidth of different technology nodes easily, only the circuit of the gain
cell is scaled. This simplification is relatively accurate because the gain cell limits the BW
response in the 0.18 pm CMOS design.

In smaller CMOS processes the supply voltage decreases, leaving less room for the cascoding
used in Section 3-2-2. To be able to compare the technologies fairly, the gain-cell circuit of
Figure 5-1 is used. For a gain cell driven with an ideal differential input, the common-source
node of the input devices is an AC-ground. Hence, an ideal current source can be used to
simplify biasing.

The isolated NMOSTs used in the gain cell were modeled as normal NMOSTs for which the
bulk was connected directly to the source. This was done to eliminate the body effect to
reduce the voltage drop of the voltage followers, as explained in Section 3-2-2.

The voltage followers M3 and M4 in the final design were twice the size of M1 and M2, so
this ratio was kept constant with scaling. To approximate detector-cell loading, the gain
cells were loaded with gain cells as shown in Figure 5-2. Because in the 0.18 um design the
input capacitance of the gain cell is higher than the input capacitance of the detector cell,
the capacitive load is overestimated.

5-2 Scaling Techniques

This section discusses four scaling techniques which are used to scale the circuit of the gain
cell. The length of the input devices in the gain cell are always fixed to the minimum gate
length of the technology, to achieve maximum Bandwidth (BW).
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Figure 5-1: Schematic of gain cell used Figure 5-2: Block diagram of bandwidth
for scaling simulation

Constant-g,, scaling This type of scaling changes W/L ratio of M1 and M2 inside the gain
cell, to keep their trans-conductance equal to the 0.18 pym design.

Constant-W /L scaling This type of scaling keeps the W /L ratio constant.

Constant-overdrive scaling This type of scaling keeps the overdrive voltage of input de-
vices M1 and M2 equal over technology.

Constant-Pelgrom scaling This type of scaling keeps the input-referred offset constant.
Smaller nodes have a thinner oxide, which reduces the Pelgrom constant according to
Avyin ~ tox!. The width is adjusted to meet the offset value.

5-3 Methodology

To fairly compare the technologies, it is important that the scaled gain cells have enough
voltage headroom for a real current source. Therefore, the minimum drain voltage of the
current source is assumed to be 50 mV. In both 130 nm and 65 nm source degeneration on the
current source would be much harder, if not impossible, due to the lower supply voltage.

Plan

—_

. The gain cell is sized according to the scaling method

2. The resistors R1 and R2 are adjusted to meet A = 10dB
3. Multiple gain cells are connected according to Figure 5-2
4

. The bandwidth and gain is measured between Vi, and Vg of Figure 5-2

Because a gain of 10dB was not always possible, the figure of merit for comparing the band-
width is the Gain-Bandwidth (GBW).

IParameter tox is the oxide thickness.
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Gain-Bandwidth over technlogy
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Figure 5-3: Gain-bandwidth for L = 180 nm, 130 nm and 65 nm, .5 = 200 pA.

Bandwidth for the same power consumption Figure 5-3 shows the GBW for a fixed power
consumption.

Constant-g,, scaling does not benefit from the transition from 130nm to 65nm. This is
because the gate width needed to be increased substantially to achieve the same trans-
conductance as in the 180 nm design. This significantly increased the parasitic capacitance of
the transistors, canceling the effect of the smaller gate length. Additionally, resistors R1 and
R2 needed to be increased to cancel the effect of the reduce in output impedance.

Constant-W/ L scaling improved the GBW from 180 nm to 130 nm, but did not improve when
moving to the 65 nm technology. For the same current and W/ L ratio the trans-conductance
significantly dropped, as well as the output impedance for the 65nm technology. Hence,
to keep the gain constant the resistors needed to be increased significantly, lowering the
bandwidth.

The constant-overdrive scaling seems to benefit most in terms of GBW. This is because the
gate width of the input transistors was reduced more than with constant-W/L scaling, to
achieve overdrive voltages around zero (the overdrive voltage in the 0.18 um design). There-
fore, the parasitic capacitances reduced more rapidly than was expected by keeping the same
W/L ratio. Due to this rapid reduction in area the GBW increased substantially for both
130 nm and 65 nm technology.

Because the oxide thickness did not scale directly proportional to the gate length, Pelgrom
constant Ay, only decreased slightly. Hence, constant-Pelgrom scaling did not improve the
GBW, as the area of the transistors of the gain cell needed to be nearly equal over technology
to keep the input offset equal.

Current savings For a smaller CMOS process the current consumption of the gain cell can
be reduced, while keeping the same GBW.
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As the drain current is lowered with constant-g,, scaling, the trans-conductance reduces.
Hence, the width of the transistor is increased to keep the same trans-conductance. Both
effects reduce the current density and will push the input transistors more to weak-inversion.

For constant-W/L as well as constant-Pelgrom scaling the current density is reduced only by
lowering the drain current. Hence, also with this type of scaling the biasing conditions of the
transistor change towards weak-inversion.

Only for constant-overdrive scaling the current density is kept more or less constant. When
the drain current is lowered the width of the input transistors is reduced to keep the overdrive
voltage constant. Because the operating region of the transistors does not change, the PTIM
temperature scheme used in the 0.18 um design is still valid. Therefore, constant-overdrive
scaling was picked as the scaling method to investigate the reduction in current consumption
for newer technology nodes.

Figure 5-4 shows that with constant-overdrive scaling the newer technology nodes really help
to significantly reduce the current consumption for a certain GBW.

Table 5-1 shows the estimated performance of the log-amp detector in 130 nm and 65nm
technology. The power consumption reduces proportional to the supply voltage.

Gain-Bandwidth versus current over technology
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Figure 5-4: Gain-bandwidth versus current consumption, constant-overdrive scaling

5-4 Effects of scaling

Sub-threshold Biasing As supply voltages scale down more rapidly than the threshold volt-
ages of the devices, it becomes more attractive to bias in weak-inversion to make the most
use of the available voltage headroom.
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Specification 0.18 pm design 130 nm design 65 nm design
DR +1 LCE 50-100 MHz 25°C 40dB 40dB 40dB
F;, Min 20 MHz 20 MHz 20 MHz
Fi, Max 0.9 GHz 1.8 GHz 3.4 GHz
Supply Voltage 1.8V 1.6V 1.2V
Power Consumption 11 mW 9.8 mW 7.3 mW

Table 5-1: Performance estimation for newer CMOS processes (130 nm and 65 nm)

In sub-threshold the current through a CMOS transistor is defined as (see Appendix C):

Vas )

Ip = Ioe("VT s (5'1)

where I is the drain current at Vgg = Vg, n is the slope factor given by 1 + Cp/Coyx and
Vr is the thermal voltage.

This gain of a differential pain for sub-threshold biasing (see Appendix C)

1
A=gm - R= D

=2 5-2
LR, (52

where Vp = kT /q.

Thus a PTAT temperature scheme should be applied, yielding the same scheme as in bipo-
lar log-amp detectors. To step to smaller CMOS nodes, this is how the design should be
implemented.

Matching Although matching becomes better as the oxide thickness decreases, accord-
ing to Avin ~ tox [12], the reduction in ¢, does not make up for the reduction in area
with constant-overdrive scaling. Therefore, matching becomes worse for smaller nodes with
constant-overdrive scaling. However, matching in the channel was not considered to be im-
portant because the offset-cancellation loop nullifies the output offset of the channel.

Constant-Pelgrom scaling could be used to keep the input-offset constant. The increase in
GBW for this type of scaling is however heavily dependent on the scaling of Pelgrom constant
Avytn- Which did not render a satisfying GBW increase for the given process technologies

The following chapter will investigate a new type of temperature-compensation scheme.
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Chapter 6

Proportional to mobility temperature
compensation

In Chapter 2 the PTIM temperature compensation was introduced. Its temperature perfor-
mance was shown in Chapter 4. A new temperature-compensation scheme will be derived in
this chapter called proportional to mobility (PTM) temperature compensation.

6-1 Architecture

In the new proportional to mobility (PTM) temperature scheme it is assumed that the gain
cell is biased exactly as with the PTIM temperature scheme, as discussed in Chapter 2.
Only the biasing of the detector cell will be modified, as will be explained in the following
paragraph.

Principle The intercept point of the log-amp detector was given by:

Exp
S(T)AN+Do+Bo—1

V] = (6'1)
in which By the bottem-end correction factor, Dy the top-end correction factor, N the number
of stages, S(T') the transfer of the RF input scaler and for which Fxp < max(Vout-a)-

Using the PTIM scheme to bias the gain cell the denominator of (6-1) is already constant
over temperature. If transfer S(T') = 1 and if knee voltage Eyp is temperature independent,
then the intercept point would remain constant over temperature as well. Equation 6-3 shows
the knee voltage of the detector cell. If bias current Ipi,s.p would be PTM instead of PTIM:

T\ e
Iias-p,pTM(T) = Iop (T ) ; (6-2)
ref

where 1.5 < N, < 2 and Ipp is the bias current at Tt
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Substituting bias current Iii,sp pTMm in the equation of the knee voltage of the detector cell
results to:

Bon(T) = 2 Ibﬁ(;gT) (6-3)
_ Iop i
= 2732, (6-4)

where B(T) = Bo(T/Tret) M.

Hence, with the PTM bias current the knee voltage of the detector cell is temperature de-
pendent rendering the intercept point temperature independent. This eliminates the resistor
divider inside the RF input block of Section 3-2-1, which was needed in the PTIM compen-
sation scheme. As the resistor divider can be eliminated, only a 50 €) input resistor is needed
to match the output impedance of the coupler. This is an advantage because the resistors
in the resistor divider of the RF input block should match the temperature behavior of the
transistors, which are both dependent on technology.

The disadvantage of the PTM scheme is that knee voltage Fyp will not follow the output
swing of the gain cell, max(Vout.a ), which still is PTIM, as shown in Figure 6-1. The maximum
voltage swing of the gain cell, max(Voyt-4 ), should now be larger such that in the worst case, at
-40°C, it will still saturate the detector cell to adhere to Exp < max(Voua). If this condition
is violated the effective knee voltage will change over temperature, according to (2-32); for
low temperatures the effective knee voltage would be equal to max(Voyuta), while for high
temperatures Fyp is dominant. Hence, the intercept point increases for high temperature
and vice versa.

The maximum output current of the detector cell is now PTM temperature dependent (Figure
6-2a), thus a PTIM current scaler is needed at the output of the detector cells, opposite to
the PTM current scaler needed for the PTIM scheme.

750.0

500.0 |

250.0

Vout (mV)
=3
=}

-250.0

-500.0

7500
-400.0 -200.0 0.0 200.0 400.(

Vin (m)
Figure 6-1: Transfer of gain cell with PTIM bias current [blue = -40°C, green = 25°C, red =
85°C, black = ideal transfer]

Eric Muijs Master of Science Thesis



6-1 Architecture 91

160.0+ 160.0+
2120.0i ’<':(:120.0i
= ~
= £
=y a
£ = ]l
 80.0 580.0
S S |
H z
S 5
© 40.0 O 40.0
0.07\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 0.0 7\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
-400.0 -200.0 0.0 200.0 400.( -400.0 -200.0 0.0 200.0 400.(
Vin (V) (m) Vin (V) (m)
(a) Output detector cell with a PTM Is.p bias cur- (b) Output detector cell with a PTM I, bias cur-
rent rent and PTIM output current scaler

Figure 6-2: Output of detector cell with the PTM temperature scheme [blue = -40°C, green =
25°C, red = 100°C]

Parameter PTIM PTM
Inias A (T) = lv(),al(Trch)NH IOA(TZ;f)NH
Biasn(T) = Ton()"™  Ton(z5) ™™
A(T) = VBoloa R vV Boloa R
Exp(T) = %(Tzf)m \/%i?
S(T) ~ SQ(TZ;f)NH 1

Table 6-1: Summury of important parameters: PTIM and PTM, strong-inversion model

Figure 6-2a shows the detector cell transfer after PTM biasing. The knee voltage is constant
over temperature. After a PTIM output current scaler the output of the detector cell is shown
in Figure 6-2b. As expected, the transfer in this figure is temperature independent without
the use of an input scaler in RF input block.

Table 6-1 sums up the difference of PTIM versus PTM for the most important input param-
eters.

Generating the PTM bias current Although the model from (6-3) is valid for strong in-
version operation, it is important to realize that the transistors of the detector cell do not
operate in this region continuously. As the input deviates from the stable zero condition, the
current density of the transistors inside the detector cell changes significantly. This means
that the transistors will operate in both strong, moderate and weak inversion.

This effect has an influence on the effective transfer curve of the detector cell, as the transition
to maximum output current will be not as steep as predicted with the strong-inversion model.
For a detector cell in which all transistors operate continuously in weak inversion the output
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is given by (Appendix D):

Ving Vin- Vem

e nVp + enVT _ 26”VT
Iout—D = Ibias—D : Vit Vi Vorn (6—5)
e nVp + enVT + 2enVT

where n is the slope factor given by 1+ Cp/Cox, Vem, is equal to % and Vr is the
thermal voltage.

Equation (6-5) yields a detector-cell output which is directly proportional to the bias current
and with a fixed knee voltage V. While for the strong-inversion model the output current of
the detector cell is given by:

By .
=V, if Exyp < Vinp,
Iowp [A] ={ 4 D kD P

Lias-p, if Exp > Vinp -

(6-6)

Hence, when the input of the detector cell is below the knee voltage the output current is
independent of the bias current for strong inversion.

In reality, as the input increases, some input transistors will be biased more towards strong
inversion, while others move into weak inversion. To generate bias current Ip,s.p for the
detector cell, an open-loop bias generator would be very difficult. This is because all temper-
ature effects in the input transistors of the detector cell should be accounted for to generate
this special PTM current. A feedback bias configuration would be able to generate a bias
current to fix the output current of the detector cell.

The closed-loop system in Figure 6-3 controls bias current Ipisp such that output voltage
Vout-D is equal to reference voltage Viep, for a certain input voltage Vier;. This input reference
voltage at the input of the detector cell biases the detector cell to about half its knee voltage,
FExp. The loop ensures that for every temperature bias current Ii,s.p is controlled to keep
Vout-D constant.

The transfer of a detector cell biased with PTM bias current Ij;,e.p and terminated with the
back-end and output resistor is shown in Figure 6-4. From this figure is becomes apperent
that the bias loop is able to control two points, one point at Vj,.p = E% and the maximum
output current, .5 p. Naturally, the detector-cell output is zero at zero input voltage, which

sums up to a three-point fixed transfer over temperature.

The architecture for the PTM scheme is equal to the PTIM scheme, except for the RF input
block and the PTIM current scaler, as shown Figure 6-5.

Stability A positive and a negative feedback loop exist in Figure 6-3. To ensure stable
behavior, the negative feedback loop is made stronger than the positive one. This has been
established by increasing the size (2X) of the current source in Figure 6-3.

6-2 Circuit Design

6-2-1 Gain Cell

The gain cell was modified to increase the output swing, to ensure Eyp < max(Voua). To
allow a bigger output swing the cascodes were removed as well as the source degeneration, to
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Back-End
|r Differential to single-ended _i
| current conversion Current scaler |
[ I
| _ _ I
I lin+ lout_single Idet L lout |
I lout = lin*(Iref/lptm) |
| lin- Iptm |
| I
- -4 - — | |
2X

lout+ lout- r——et— _I

Vin+ : |
Vrefi Detector | _l I ! +
bias_CS — OA1
~EkD/2 | _<j | I _
| Rout,c
Vin [ |
gnd I I Vref2
l } | :

L I |
Current source detector

Figure 6-3: Bias-generator loop of PTM temperature scheme

maximize the available voltage headroom. This is at the cost of temperature compensation for
gain, bandwidth and matching. The current consumption was increased by 50% for achieving
a larger maximum output swing and to increase bandwidth.

6-2-2 Detector Cell

The PTM scheme is based on the strong inversion behavior of the detector cell. The PTIM
design used a relatively large W/L ratio which resulted in a relatively low current density.
Due to this the transistors operate close to weak inversion, which according to (6-5) has a
fixed knee voltage Vp. This effects causes the knee voltage to be relatively insensitive to
changes in the bias current. Using the bias loop of Figure 6-3 results in a bias current with a
huge temperature sensitivity: from -40 to 85°C the bias current changed by a factor of 40.X.

By reducing the W/L ratio but keeping the area of the input devices approximately equal,
the current density was increased significantly (~30x). This reduces the bias current range
over temperature generated by the PTM generator because the transistors were biased more
to strong inversion, significantly increasing the knee voltage sensitivity to bias current Ihias.p-
Finally, the ratio from -40 to 85°C was reduced to a factor 3X, which is much more practical.

6-3 Simulation Results versus PTIM

In this section the EVOT of the PTIM and PTM temperature schemes are compared for
100 MHz and 900 MHz.
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Figure 6-4: Simulated DC output detector cell after the back-end [blue = -40°C, green = 25°C
and red = 85°C ]

Log Amp Detector
Vin g Amp ldet | prim Vout
—»— Current
Zin Scaler
50 Q Zout

Figure 6-5: Architecture of PTM temperature-compensation scheme

6-4 Discussion

For low input frequencies, the temperature performance is comparable to the PTIM tempera-
ture scheme. Due to the modifications in the circuit of the gain cell to increase the maximum
output swing, its bandwidth reduced. Hence, the temperature drift increased significantly for
900 MHz.

The cause of low-frequency degradation in temperature performance is the removal of the
cascodes, to increase the output voltage swing of the gain cell. As indicated in Section 3-
3-1, the addition of the cascodes reduced the temperature error from 0.5dB to 0.1dB over
temperature.

Clearly, in terms of performance the PTIM scheme is better. Mostly because the PTIM
scheme does not need gain cells with a high output swing, which results in a higher BW
and better temperature performance. Still the PTM scheme achieves reasonable temperature
performance with an EVOT within +0.8dB up to 900 MHz.
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Figure 6-6: Error variation over temperature for PTIM and PTM

Advantages of PTM

e No need for technology-dependent resistor divider in RF input scaler

e Lower intercept point because no attenuator is present at the input: S(7T") =1

Disadvantages compared to PTIM

e Requires large output swing of gain cells, reducing BW

e More area due to second back-end for PTM current generation
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Chapter 7

Conclusion

A complete implementation of an RF power detector in 0.18 pum CMOS technology based on
the log-amp detector architecture was demonstrated. Using proportional to inverse mobility
temperature compensation, the temperature drift is reduced significantly.

The measured prototype IC has an input power range from -50 to +10 dBm for RF signals
ranging from 100 MHz to 1.8 GHz. This design attains a typical dynamic range of 39 dB for
a F1dB log-conformance error (LCE). Up to 900 MHz the temperature drift is never larger
than +1.1dB for all 24 measured samples over a temperature range from -40 to +85°C. The
current consumption is 6.3 mA from an 1.8 V power supply and the chip area spans 0.76 mm?2.

The CMOS log-amp detector presented in this thesis does compete in temperature stability
with published bipolar log-amp detectors as well as commercial products.

Newer CMOS nodes were tested to give an understanding of the scalability of this design.
Simulations show that using 65 nm CMOS technology the bandwidth can be increased signif-
icantly (up to 3X), with a 33% reduction in power consumption.

A new temperature scheme was introduced, which uses proportional to mobility biasing to
stabilize the output of the log-amp detector over temperature. This removes the need for the
RF input block in the design. Simulations show that the temperature drift is bounded to
<0.8dB.

My Contributions

e Circuit design and layout of log-amp detector with temperature compensation

e Measurements of the log-amp detector

e New temperature compensation scheme, PTM

e Investigation on the bandwidth and current consumption of smaller CMOS nodes

e Analytical expression for:
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— the intercept-point shift for smooth gain-cell and detector-cell transfers
— an approximation of the bottom-end correction factor

— the top-end correction factor for different types of detector cells

Further Research

e Further improve the 0.18 um design in terms of bandwidth, to be able to compete with
commercial products of today

e Implement design in smaller CMOS process, to further increase the bandwidth perfor-
mance

e Designing a prototype IC of a log-amp detector with the PTM temperature scheme
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Appendix A

Architecture
A-1 Output Model Log-Amp
By taking one point of the curve Voyt1:
Eypa 1 1
(X1, Y1) = (AN laEkA(A+1+Z+ +AN—1)>’ (A-1)
in which N is number of stages.
Output equation and the slope Kg:
Vin
Vo = Kslog(12). (A-2)
AFxa
Kg = ) A-
o log(A) (A-3)
It follows that:
E <A+1+1+ - ) = ABa (A%Al) (A-4)
kA AT TANT ) T og(a) B\ vy )
11 1 L
(1+A+AQ+'"+AN> log(A) = log< v ), (A-5)
(A 1)(1+1+1+ +1>1 (4) = (A-1)1 (AEﬁl> (A-6)
At Tty ) log = og v ) -
A—(1/AN L
A(—/l) log(4) = log (A‘N/I 1 ) (A-7)
—(1/aM) B
log(4“ 447 = log (47T, (A-8)
(A-9)
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for large values of N, the 1 /AN part is tiny, thus V7 can be approximated by:

E
Vi~ —A (A-10)
ANtaT
A-2 Output Model with Top-End Correction
By taking one point of the curve Vyut1:
(X1,Y7) = LB ypan A-11
1, 1)_ AN_I’ kAL0 | ( 3 )
in which N is number of stages and Dy = A/(A — 1), the top-end correction factor.
Using the same methodology as A-1:
Vin
Vout = Kg20log <), (A-12)
Vi
AEy
Kg = ————. A-13
s 201og(A) ( )
It follows that:
ABEy (A’?v )
AExpaDy = log | £—— A-14
oy
Dolog(A) = log (A — ), (A-15)
Vi
ey
log(AP?) = log (A - ) (A-16)
Vi
Exa
Vio= AN—1+Dy (A-17)
such that for Dy = A/(A —1):
Exa
Vi = AN+1/(A-1)" (A-18)

A-3 Output Model for G,, Log-Amp

Every Gy, cell contributes to the output voltage with one Ihias.qRout, similar to AFEya for a
gain cell, which results in a slope for a voltage input as:

Ibias—GRout
Kg=—"—"—+— A-19
7 TloalA) (A-19)
Using the same methodology as before in Section A-1:
Exp 1 1 Dy
(X1,Y1) = (M7Ibias—GRout(1 + 1 + e + ...+ 14N)>’ (A-20)
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1 1 DO Ibias—G Rout < % )
hiss-cRot(1+ =+ —5 4+ ... + — , A-21
baSGR t( +A+A2+ +AN) log(A) g v ( )

Exp
1 1 1 1 AN
A-D(1+-+ 5+t ) = (A-1 log (4 A-22
A=D1+ 5+ g5+ * gmrms) = A Vi og (45, (a22)
yLs
Dolog(A) = log (A>, (A-23)
Vi
yLs
log(AP?) = log <A>. (A-24)
Vi
The intercept point follows as:
Exp

A-4 Output Model Log-Amp Detector

If the top-end correction Dy = AP /(AP — 1) is valid, AVyut12 = AVouses. Thus the output of
a log-amp detector with Vi, = EkD/AN:

Voutt = IbiasDRout (1 + (%)p + (%)p +o (ﬁ)p + Do(AlN)p> (A-26)

1 1 1 AP 1
%utl(Ap - 1) = Ibias—DRout(Ap - 1) <1 + ﬁ + @ + ...+ ANp*p + Ar — 1 ANP(%_??)
= IbiaS—DRoutApu (A‘28)
Vi T R A7 A-2
outl — bias-D outm' ( - 9)
Assuming an output of a log-amp detector with Vi = Eyxp /AN -1
Vi AP — 1) = DLjaspRowt(AP — 1)1+ 1 L L A7 L 30
out2( - ) - bias-D out( - ) + 1+ ﬁ + ...+ ANp_p + Ap — 1 ANp A' )
2AP — 1
Vout2 = Ibias—DRoutﬁ- (A—31)
Assuming an output of a log-amp detector with Viu3 = Eip /AN =2
|74 AP — 1) = Iy Rouw (AP — 1)( 3 1 A 1 A-32
0ut3( - ) — bias-D out( - ) + ﬂ + ...+ ANp—p + Ar — 1 ANp 5 ( - )
3AP — 2
ou = 1 ias- out ™, 1 A-
Vouts bias-D out —— (A-33)
Substracting;:
2AP — 1 — AP
AVvoutlQ = Ibias—DRoutT7 (A'34)
= Ibias—DRouta (A‘35)
3AP — 2 — (24P — 1
AVout23 = Ibias-DRout Ap _( 1 )7 (A'36)
= Ibias—DRout- (A‘37)
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Architecture

A-5 Output Model for Bottem-End Correction

I bias-D Rout

Ko =
5 log(A)

Using the same methodology as before in A-1:

E
(Xh Yl) = (141357 Ibias—DRout(BO +

1 1 Dy

+ot Tt N

1
Iblas DRout(BO + + AN 1 AN)

AT A2

11 1 1
(A=1)(Bo+ 5+ 55 +- +AN_1+AN_1(A_1))

1,1
A A2

(A-38)

Ibias-D Rout 1
log(A)

. B
(A= Dicgtay o8 ( v } 4)

Exp
(Do + Bo— 1) log(4) = log ( ax ) (A-42)
T
yLs
log(ADPo+Bo—1) log ( > (A-43)
Vi
The intercept is now equal to:
Exp
A-6 Output Model for Smooth Transfer of Gain Cell
3-stage logamp with Viny = Eia /A2, Vino = Exa /A, Ving = Exa with Do = A/(A — 1)
DyE FEypa
Vout1 = (j42kA + 7 + Exa + AX Eya (A-45)
= AXExa + DoExa (A-46)
DyE
Vour = T+ Bia + AX i + 2ABi (A-47)
Vours = DoExa + AX Exa + 3AExA (A-48)
Slope follows as:
AVout12  AEka
Kg = = A-49
5= Tog(4)  log(4) (449
Intercept follows from:
log(vinl)
Vout1 = Kg————+— A-50
Dy AExa (Vinl )
X+ = = A-51
T4 T log(a) 2\ 1, (A-51)
E
Vi = kA (A-52)
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Appendix B

Design

B-1 RF Front-End

Effective temperature coefficient The transfer of a resistor divider:

Ry(1+ (T — Tief)TCH)

V;)u - VI . .
‘ Ry(1 + (T = Tref) TCy) 4 Rp(1 + (T — Tpef) TC)

Because the derivative of a fraction is (5)/ = flgg%glf, the derivative of Vjy; is equal to:

d%ut( )= R,TCi1(Ry(1+ (T — T1er)TC2)) — R, TCo(Rp(1 + (T — Tyef) T'Ch)) (B-2)
dT (Rp(1 + (T — Tyet) TC1) + Rn(1 4+ (T — Tref) T'C2))? ’
for T = Tyef:
dVout RyR,(TCy —TCy)
T =Tret) = B-3
ar ¢ 2 (Rp + Ry)? (B-3)
Input Impedance The input impedance is given by:
R.(R, + Ry)
Ty = M 2 B-4
R.+R,+ R, (B-4)
Thus
78(77 + 85)
Zin slow — 55 =0 | o B-
. T8+ 77485 (B-5)
= 53Q (B-6)
72(63 + 75)
Zin = ———= ) B-
fast 72463475 (B-7)
= 47 Q) (B-8)
(B-9)
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Given an RF source with a 50 €2 input impedance:

72
Py = Psource —a . B-10
ot (50 + Zin)? (B-10)
The error in power into the Z;, impedance is:
2
P, = 10log (?) (B-11)
6P —10 Ziy, Vi2
_ 2 Tin B-12
Zm  Wm(10)VEZ2’ (B-12)
—10 AZ;,
APy, = —— ) B-13
111(10) Zi ( )
= ;10(16‘7 ) (B-14)
~ In(10) s i
= =+0.26 dB (B-15)

B-2 Gain Cell

Zlk

R c é C_gd2+Cgh2 —/—

Rp/Rn

——C_dg1

e

——C_ds1+C_db1

N
BW Using a DC simulation and writing down all parasitic capacitance’s:

Cpbag1 = 101{F

Cpp1 = 121F
Cgp2 = 6f{F
2Cgp2 = 171F

Ciot = 45 fF

The isolated nmos M1 has a bulk which is connected to the main signal. Thus the big
p-well bulk sits inside the isolated n-well which is biased at the supply voltage, Vgq. A large
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—{ E M1 ———C_ds1+C_sb1+C_bn2

I M2

C_gs2+C_gb2 + 2xC_gd2 ——

Voutp/Voutn

N

M4

—— Cdg3

V_bias_cc C_gs4+C_gbd ——

M3 ——Cdb

N

N
N4

Figure B-1: In which M1/M3 is the voltage follower of the gain cell, M2 the next gain cell and
M4 a detector cell.

capacitor between the bulk and this deep-nwell layers exist: Cpy1.

Cps1 = 9fF
Cpp1 = 22f1F
Cegn1 = 120 fF
Casa = 19fF
Cgpz = 3fF
2Cap2 = 17f1F
Cpas = 23 fF
Cpps = 23 fF
Cagsa = 12 fF
Cgpa = 4f1F

Ctot - 252 fF

Delta gain The delta gain is calculated by the mismatch between the current sources of the
gain cells. Using degeneration resistor Rs = 600 Q, g,, = 3 x 1073 A/V (about two times the
gm of the input pair), with an (AVrg),, = 4.8 mV using the small signal gain of a source
degenerated NMOS device:

Vingm

— _mgm B-16
1+ gnRs ( )

Ibias—A
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Then:
AT _ 48x107%-3x107° (B-17)
bias-A = T 31073 - 600
= 5.1 pA, (B-18)

which matches closely to the DC match simulation. Because the gain is given by:

A= V Blbias—A ‘R,

Differentiating yields:

R.VB

AA = —Alyjas A - ——— B-19
2 \% Ibias—A ( )
Noise The input and output referred noise of a differential pair is given by [12]:
5 1
Vi = 8kT (7 + ) B-20
’ gm1 grzanc ( )
ViZous = 8KT(Y9m1 RZ + Re), (B-21)

where g,,1 is the trans-conductance of input devices of the differential pair. Because in the
design the voltage followers have twice the width and twice the current, the trans-conductance
gm2 of the voltage follower is double that of the differential pair. The input referred noise of

a voltage follower with an ideal current source, is equal to the input thermal noise of a MOS
[12]:

V2o = 4kT— (B-22)

n,in
gm2

Because two of these uncorrelated noise sources are added to the output of the differential
pair with a gain of g1 Re:

vz i
Vn%out,diffpair = 8kT(79m1Rz + Rc + %), (B—23)
gl 1 gl
V2. = 8]<:T( + + ) : B-24
n,in,total Gmi g?anc ngQ%ﬂRE ( )

B-3 Detector Cell

Output in strong inversion Output detector cell in strong inversion region (in which V is
the common-source node of the input devices)):

owen = 5 (Vp = Vo’ + (Vo = Vo)? + 2(Vom = Vi) (5-25)

Solving for Vs with the ABC-formula:

\/8Ibias D — 2V232 — 2V25% 4 4V,,V}, 62

Vs:‘/;:m:l: 45

(B-26)
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Putting V5 in the output equation:

Iout - Iout+ - Iout— (B-27)
= Ibias—D - 2Iout— (B-28)
= Ibias—D - Z(B(Wm - ‘/3)2) (B'29)
- (B-30)

Mismatch current source The current source mismatch can be calculated using: ¢,, =
364 pA/V, Rg = 7.2 kQ and the calculated input offset ((Vog)ss = 1.47 mV.

Vin,089m
08 ot )30 Yin,089m_ B-31
(10S,0ut)3 T+ o Rs ( )
— 148 nA (B-32)

B-4 Channel and OSCL

Effective Noise bandwidth The noise bandwidth can be calculated using the equivalent
bandwidth of the channel, which was simulated at 933 MHz. Going through a similar calcu-
lation as before and noting that every gain cell introduces two poles at the pole frequency (8
poles), the following integral should be solved:

> dx T T
- = — B-33
/0 216 1 1 16 CSC(16> (B-33)
= 1.006 (B-34)
Noise bandwidth:
B, =94 x 10" Hz (B-35)

Input referred noise of channel The noise power at over bandwidth B,, will be modulated
back to DC by the detector cells. Comparing this power to the input power of a sinusoidal
input signal it is possible to estimate the pedestal output voltage using the ideal log function.
The input referred noise power of the channel is given by (3-31). To calculate this back to
the input of the device, it is important to look at the FE circuit of Figure 3-13.

First a simplified schematic of the circuit is given in Figure B-2.

In this figure I2, and I2, are the sum of all the current source noise and %, and [%, are the
resistor noise sources. The noise from the isolated NMOS (the 1/g,, resistor) is not put at
the output because the circuit is symmetrical and output is Vout+ — Vout.-

The transfer function of this circuit is given by:

%ut (S) o SCR
Vi 1+ sCR

(B-36)

To calculate the output noise of this block, the input is shorted: Vi, = 0. Assuming that
1/gm << R, basically all noise sources are connected to either Voui4+ and Vyye.. All these noise
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InR1 InR2

C1 C2

|| 2kQ 2kQ

p
Vout_p . . . ' Vout_n | |
I VWA VWA N

Vin In142 In272
R3
1/gm Q

%

Figure B-2: Small signal equivalent of circuit 3-13 including noise sources.

sources are than filtered through the RC low pass filter. Because the overall noise bandwidth
B, >> 1/(2rRC') the output noise power of all components inside the FE circuit are actually
fixed by the internal circuit bandwidth.

In the considered noise BW the transfer function of (B-36) is approximately equal to 1, which
means that P, out ~ Pnin. Using the input referred noise power of all gain cells it becomes
relatively easy to refer all powers to the input of the FE circuit.

The transfer seen from a current source at Viut,p and Voue,n can be written as:

(B-37)

‘ V:)ut
sRC +1

I;

1l

Which is basically a low pass filter. For a first order system the noise bandwidth B,, = f,m/2
as seen from:

Vout 2
Sout (f) = Sin(f) 1. (B-38)
= p2 [ 1
Pn,out = In inR 3 df (B_39)
’ 0 f—Q +1
p
In which f, =1/(27RC). Because:
d
/72 v = tanhwu
us +1
w = L
Jo
du = ialf
P
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>~ 1
Pn,out = nmR2fp/ 72 /fp df
7t

= n1nR2fp[tanh(f/fp)}
= 12, R27T £ (B-40)

n1n

The current sources of the circuit all have a trans-conductance of ~ 1 x 1073 V/A which
results in a total current noise component of:

IIZI,CS = 6-4kTvgm (B-41)
= 43 x1072%kT (B-42)
Paowcs = (43X 107 2R f)kT (B-43)
= 1.7x 105(§fp) (B-44)
The resistors also produce noise:
- 4kT
Ir21,Rc = 2 R.
4kT
Pn,out,R = R, fp
- 8kTRCg fo
Total output noise power from FE block with f, = 1/(27R.C):
2T 1
Pn,out,tot = C + 1.6 x 105(4RCC)]{3T V2 (B_45)
= 5.8 x 1012kT V2 (B-46)
Adding the power from the cascaded gain cells:
Paouttor = (5.8 x 10" +1.2 x 10* - B,)kT V? (B-47)

The input referred power is than equal to the output referred power in the noise bandwidth.

To refer the input-referred noise power of the RF-FE block to the input of the log-amp
detector, the power transfer of the RF input block should be used. The transfer of this block

80
is simply % VO‘“ =10 = 0.53. As the output-referred impedance of the RF input block is 44 €2,

its thermal noise can be added to the channel and noise of the FE:

1

Puntor = 525178 Bn + 5.8 x 1012 + 1.2 10%- B, kT V* (B-48)

If B, = 940 MHz, k = 1.38x10723 J/K, T = 300 K the total input-referred noise power is:

Pointot = 2.5 x 1077 V2, (B-49)
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As the impedance at the input of the RF block is equal to 252, this noise can be converted
into Watts as:

2.5 x 1077 V?
Pn,in,tot 25—Q (B-50)
= 1.0x10°%W (B-51)
= —50 dBm, (B-52)

which would be the input-referred power which would yield a output voltage for an RMS
detector. The log-amp detector however is dependent on the modulation, which will introduce
a small factor in the conversion from power to output voltage. The difference between a
sinusoidal input vs a noise input is 0.5 dB according to [8]. The equivalent sinusoidal signal
noise power is thus:

Pn,in,tot = —49.5dBm (B—53)

By taking a the slope and intercept from Subsections 3-5-1 and 3-5-2, as given in Chapter 3,
the output noise pedestal level can be calculated.

Eric Muijs Master of Science Thesis
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B-5 Bias Block A

Spread Both M1 and M2 contribute directly on the output current via the output current
equation. Because the circuit works by having Vg1 = Vgso + Vg, any offset directly changes
the current through the trans-conductance:

(AVth,M1)3a = 1.73 mV
(AVth,M2)3a = 0.87mV
gmi = 14x 1073 AV

gm2 = 17x1072 A)V

(Albias-n)ze = /(24 x 1076)2 4 (15 x 10-6)2
£98 pA

B-6 Bias Block D

Spread As done in the last section:

(Avinmi)3e = 0.52 mV
0.26 mV
gm1 1.5x107% A/V
gm2 = 18x107° A/V

(Avin,M2)30

(Alyasp)ze = /(.78 x 10-6)2 4 (A7 x 10-6)2
— +0.91 pA

Master of Science Thesis Eric Muijs



112 Design

Eric Muijs Master of Science Thesis



Appendix C

Scaling

A= gmR. (C-1)
()
Iy = Iye o1 (C-2)
dlg  Vas , (¥as)
= % = S5 e\ C-3
g Vas  CVp * (©3)
Iy
= £ C-4
o (C-4)
A = gnR. (C-5)
Iy
= %R, C-6
Rz (C-6)
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Appendix D

PTM

Output of detector cell in Weak inversion Solving for Ii,s.p = lout+ + Lout-:

Ving —Vs Vin-—Vs Vem —Vs
Liasp = Io(e ™ +e ™ +2e " ), (D-1)
Trine s Vint Vin- Vem
% = e avi(e™ + eV +2enV ), (D-2)
0
Ibias—D > VS Ying Yg- o
In{——) = - +In(e "% eVt +en%t ), D-3
( Iy nVi ( ) .
V. . Viny Vin. Vem
nTS/t = —In <b1Ia§D> +1In(e "Vt 4 enVt +2en%t ). (D-4)
Because: I v v 1
— Vs . int in- Vem \ —
eV — Zbias-D (6 Vi enVe 4+ 2enVt ) . (D'5)
Iy

Now solving for Iyt = Iout+ — Iout-, putting in (D-5):

Ving —Vs Vin-—Vs Vem —Vs
Ioww = Io-(e ™ +e " —2 "), (D-6)
—Vs Vill+ Vin- Vem
= Ip-e"t(e™ +emVt —2ent), (D-7)
Vint Vin- Vem

— bias-D Vint Vin- Vem

e nVi + enVi + 2e nVi

e nVi +eth _2€th >
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A 39dB DR CMOS Log-Amp RF Power Detector
with =1.1 dB Temperature Drift from -40 to 85°C

Eric Muijs*T, Paulo Silvaf, Arie van Staveren’, and Wouter Serdijn*
*Delft University of Technology, Delft, the Netherlands
TTexas Instruments, Delft, the Netherlands

Abstract—This paper presents a temperature compensated
logarithmic amplifier (log-amp) RF power detector implemented
in CMOS 0.18 pum technology. The input power can range from
-50 to +10 dBm for RF signals ranging from 100 MHz to 1.8 GHz.
This design attains a typical DR of 39dB for a +1dB log-
conformance error (LCE). Up to 900 MHz the temperature drift
is never larger than +1.1dB for all 24 measured samples over a
temperature range from -40 to +85°C. The current consumption
is 6.3mA from a 1.8V power supply and the chip area is
0.76 mm’.

I. INTRODUCTION

To accurately set the output power of a PA in handsets, a
power control loop is often used. A coupler senses a fraction
of the output RF signal and feeds it to an RF power detector
(Fig. 1). It’s output is a measure of the average peak value
of the input RF signal. Knowledge about the modulation type
employed allows for the accurate calculation of the transmitted
power. Log-amp detectors in Bipolar technology present good
temperature stability for RF applications [1], [2]. CMOS log-
amps for RF power-detection so far published fail to demon-
strate consistent performance over a wide temperature range
[3], [4]. This prototype IC demonstrates that a temperature
compensated log-amp RF power detector can be designed us-
ing standard CMOS technology while attaining a temperature
drift bounded to 1.1 dB and low power consumption.

II. SYSTEM ARCHITECTURE

The architecture of a log-amp detector is based on a cascade
of N gain cells (A), N+1 detector cells (D), an output low-pass
filter (LPF1) to reject high-frequency components at the output
and finally an offset cancellation loop around the cascade of
gain cells and another low-pass filter (LPF2). In this design
N =4, as shown in Fig. 2. The transfer characteristic of A
and D are respectively:

Viea [V] = A - Vina, if |[Vina| < Exa, 0
oA A - Exa, if |Vipa| > Exa,
B . y2 i :
T [A] = 1 Ve Vo] < B0,
IbiasDa if ‘V;n-D‘ Z EkDa

in which A is the voltage gain of the gain cell, Fy is the
input referred clipping voltage (knee voltage) and in CMOS
technology 8 = puCoW/L. In this design AFxn > FEip is
chosen. For an input signal with amplitude Eyp/A*, only the
last detector cell reaches its maximum output current, lpjasp.

Antenna

Coupler

VGA

Gain
Control

Digital
Control

RF

Jomod peniwisues )

< APC detector

Fig. 1: Transmitted-power control loop

Increasing the input signal to Fiyp/A® will clip the output of
the last two detector cells to Iy,sp. Consequently, for every
multiplication of the input signal magnitude by A, a linear
increase of the output current equal to In,p is expected. A
piece-wise linear approximation of a logarithmic function is
obtained. This logarithmic transfer can be represented by a
linear relation between Vg, and the input power P;, expressed
in dBm:

%ut [V] = Kslope(ljin - PO) 5 (3)
where Kgope and Py are given by:
IbiasDRout

K, V/dB _— 4

slope[ ] 20 log(A) ) ( )

Ewp >
Py[dBm| = 20lo — ) +30. (5
b dBm] e (Vo ®

A. Temperature compensation

To implement a log-amp detector for which the trans-
fer characteristic is temperature independent, both the slope
(K1ope) and the intercept power (Fp) should be kept constant
over temperature. This is achieved by temperature stabilization
of both the gain cells and the detector cells and by temperature
scaling of the input/output signals of the log-amp detector
core (Fig. 2). Fig. 3 shows the architecture of the complete
temperature compensated log-amp detector.

Fig. 2: Log-Amp Detector Core
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Fig. 3: Log-Amp Detector with temperature compensation

1) Gain Cell: The gain (A) variation over temperature
affects the transfer’s slope (4) and intercept (5). To keep both
parameters constant over temperature, the gain cell (Fig. 4)
should be designed to attain a voltage gain g,, - R that is
constant over temperature:

A(T) = gm(T) R(T) (6)
w
= \/N(T)OOX f[biasA(T) . R(T) s 7
where 1u(T) = po(T/Trer)™* models the temperature de-

pendence of the mobility with 1.5 < N, < 2 [5] and
R(T) represents the temperature behavior of all resistors in
this design (except the resistors in the front-end scaler). If
current Ipipsa (T) is designed to have a temperature dependence
proportional to the inverse mobility (PTIM) and R(T")~2, the
gain A becomes to a first order constant over temperature.

2) Input PTIM Voltage Scaler: After temperature com-
pensation, the maximum output swing of every gain cell
presents a PTIM temperature dependence. Consequently the
gain and detector cells, except the front-end cells, experience
a maximum input voltage with PTIM temperature behavior.
Therefore a PTIM voltage scaler in front of the log-amp
detector core is required.

3) Detector Cell: Detector bias current I,,sp and knee
voltage Exp appear in the expressions for slope (4) and inter-
cept (5) respectively. Rewriting (2) yields Exp = \/41viasp/S
. Because the maximum output voltage of the gain cells
exhibit a PTIM behavior, Eyp should follow the same tem-
perature behavior. This can be achieved using a PTIM bias
current Iyiasp = KoCox L/ (W R?(T)u(T)). The knee voltage
becomes:

_ 4IbiasD(T) _ 2m
B =\ o ~ smray

The temperature dependence of Eyp on both 3(T") and R(T)
needs to be compensated for in (5). This can be achieved
through the front-end PTIM voltage scaler. The transfer of the
input voltage scaler is given by:

So

S(T)= ————. 9
)= 5@yr) )
Substitution of (9) into (5) results in:

Exwp(T) )
Py(T) = 201 30 (10
o(T) o8 (\/509-5(7“) ) 70O

2 Ky >

= 201 —_— 30 11
Og(\/5OQ~SO~A5 50, b

which yields a temperature independent intercept power Fp.

R1 %RZ
{EMG
bias-cascode Vout+
|
IEMS
Vout-
| S N
M3 }———1 M4
Vin+ Vin-
.—1 m1 M2 }——C
bias-GC
| 1= T wo
M7 MG |
Thiasa hiasa yiasa

Fig. 4: Circuit of Gain-cell (A)

4) PTM Current scaler: The output current 4. of the log-
amp detector core presents the same PTIM dependence as
Ipiasp- In order to obtain a log-amp detector with a constant
transfer over temperature, a proportional to mobility (PTM)
current scaler is required between the log-amp detector core
and the final I-V conversion (Fig. 3):

Iouconst = Laerrriv - (Iconst/Iptiv) - (12)

III. CIRCUIT DESIGN

A. Input PTIM Voltage Scaler

A resistor m-network, with a 50€) input impedance and
5.7dB attenuation, implements the passive front-end voltage
scaler by employing positive- and negative-temperature coef-
ficient resistors. The first-order temperature behavior of the
desired relation (9) can be approximated by controlling the
resistor values Rprc and Rnrc:

RprcRntc

ST = ———W———-—
@ (Rprc + Rn1c)?

(TCp —TCx).  (13)

B. Gain Cell

The circuit of the gain cell, shown in Fig. 4, is a differential
pair with cascodes, the latter to improve the bandwidth by
decreasing the Miller multiplication of Cgp of M1/M2 seen
at the input of the gain cell. The voltage followers provide a
lower common-mode output voltage needed to bias the next
gain cell. To limit the Vs voltage drop, the voltage followers
were implemented with isolated NMOS devices (Vs = 0).

C. Detector Cell

The circuit of the detector cell is depicted in Fig. 5. It is
an NMOS version of the detector circuit from [6]. Differently
from it’s bipolar counterpart, where Fyp = 4Vr, Eyxp is a
function of transistor size and bias current in a MOS imple-
mentation. For a sinusoidal input signal Vi, = Vpsin(wpt),
were Vp < Exp, the detector output current can be expressed
by:

BVp

T = ng sin?(z) = 3 (1 - cos(2wpt)) [A], (14
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bias-DET
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Fig. 5: Circuit of detector-cell (D) Fig. 6: Circuit of PTIM cur-
rent generator.

which contains a DC and a double frequency component
(2wp). After low-pass filtering only the DC component re-
mains. The current output of the detector (5Vp/8) is thus a
measure of the peak amplitude of the input signal.

D. PTIM Bias Generator

From (5) it follows that the intercept is inversely propor-
tional to A®. Small variations of the gain will yield relatively
large intercept shifts over temperature, which requires an
accurate constant-g,,, bias circuit.

The chosen architecture for constant-g,,, biasing is shown in
Fig. 6. The current through transistors M21 and M22 is given
by [7]:

1 Ui (Vi —1)2
R2(T) i(T)Cox W1 n ’

where n is the ratio between the areas of M21 and M22.
To increase the accuracy of the bias current two phenomena
should be accounted for in the PTIM bias generator: mobility
degradation and velocity saturation, which are both short
channel effects. The effective mobility is given by [5]:

Terim(T)

5)

10 Umax L
UmaxL(l + 9Vov) + /L()VDS ’

Ho-eff = (16)
where vmax 1S the maximum velocity of the carriers in the
channel, # is a technology dependent fitting parameter and
Vov = Vos — Vi is the overdrive voltage. The effective
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Fig. 8: Circuit of PTM current scaler and I-V converter.

mobility is thus dependent on the MOSFET’s biasing condi-
tions. The overdrive voltage of the gain cell transistors M1/M2
is equal to the overdrive voltage of M21/M22 in the bias
generator if they have the same current density and the same
unit device. Simulation results in Fig. 7a show the gain error
over temperature for different L sizes inside the bias generator
(same W/L ratio). When M21/M22 use the same unit device as
M1/M2, the gain error over temperature reduces to <0.5dB.
In order to bias M1/M2 and M21/M22 with similar Vpg
voltages, cascode devices M24/M25 are employed in the bias
generator. This further reduces the gain error over temperature
to <0.1 dB for the extreme corners, as shown in Fig. 7b.

E. PTM Current Scaler and I-V Conversion

The translinear-loop shown in Fig. 8 implements the cur-
rent relation from (12). As a result, the PTIM dependence
is removed from the log-amp detector current output. For
convenience the available bipolar devices were used for the
translinear-loop. For a complete CMOS implementation these
can be replaced with MOSFET’s biased in weak-inversion.
Resistor Rygye and a non-inverting amplifier performs the final
I-to-V conversion.

IV. MEASUREMENTS
A. Performance Metrics

1) Log-Conformance Error (LCE): This metric shows the
error versus an ideal logarithmic curve:
Vour1 — (Ks + (P — P
LCEem)r(dB) _ ( out,1 ( SI<( in,1 O)) ]
s
2) Temperature Drift: This metric shows the difference
between the log-amp detection transfer at a certain temperature
in relation to the transfer obtained at a reference temperature
(generally 25°C). It is expressed in dB in this paper.

A7)

B. Measurement results

A batch of 24 samples was measured for sinusoidal inputs
at 100, 700, 900, 1500, 1800 and 2100 MHz over the full
input power range (-50 to +10dBm). The detection curves
were obtained at -40, +25 and 85°C for a fixed 1.8V supply



voltage. The prototype IC has an active area of 0.76 mm? and
draws 6.3 mA from the supply.

Fig. 9 shows the typical (average among the 24 samples)
detection (a) and LCE (b) curves for all measured input
frequencies. Up to 900 MHz the intercept shift is negligible.
This is accordance with the simulated -3dB BW of the four
cascaded gain cells at 930 MHz.

Fig. 10 shows the typical LCE plots at -40, +25 and +85°C.
The DR for £1dB LCE is 39dB at 25°C for frequencies
between 100 and 700 MHz.

Fig. 11 shows the temperature drift for the extremes of the
temperature range (-40°C and 85°C) in relation to 25°C. Up
to 900 MHz the temperature drift is never larger than 1.1 dB
for all 24 measured boards. This result was achieved without
employing any method of temperature calibration. For input
frequencies above the -3dB BW of 930 MHz, the temperature
errors become larger.

Table I shows the measured DR and temperature drift for
several frequencies and metrics. Fig. 12 shows a microphoto-
graph of the prototyped IC.
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Fig. 9: Typical Detection Curves (a) and LCE (b) over frequency.
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Fig. 10: Typical LCE for 100 (a), 700 (b), 900 (c) and 1500 MHz
(d).

V. CONCLUSIONS

A complete implementation of a RF power detector in
0.18 um CMOS technology based on the log-amp structure
was demonstrated. Thanks to the temperature compensated
architecture, the temperature drift is bounded to +1.1dB
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Fig. 11: Temperature Drift for 24 Samples at 100 (a), 700 (b), 900
(c) and 1500 MHz (d).

TABLE I: Performance summary - Typical DR [dB] at 25°C LCE
and Max Temperature Drift [dB] for 24 samples.

Frequency 0.1GHz 0.7GHz 09GHz 1.5GHz 1.8 GHz
DR for £1dB LCE 40dB 39dB 36dB 25dB 19dB
DR for £3dB LCE 49dB 46dB  43dB 32dB 27dB

Max Temp. Drift ~ £1.1dB +1.0dB £1.1dB +1.1,-1.7dB +1.4,-1.9dB

from -40°C to 85°C for frequencies up to 900 MHz. The
use of nanometer-scale CMOS technologies would extend the
bandwidth of this architecture, enabling the coverage of higher
frequency bands.
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Glossary

List of Acronyms

PTIM Proportional To Inverse Mobility
PTM Proportional To Mobility

BW Bandwidth

GBW Gain-Bandwidth

MOSFET Metal-oxide-semiconductor field-effect transistor

DR Dynamic Range

log-amp logarithmic amplifier

PA Power Amplifier

LCE Log-Conformance Error
EVOT Error Variation Over Temperature
TC Temperature Coefficient

RF Radio Frequency

IC Integrated Circuit

PCB Printed Circuit Board

GPIB General Purpose Interface Bus
opamp operational amplifier

PM Phase Margin

GM Gain Margin

ASK Amplitude-Shift Keying

Master of Science Thesis Eric Muijs



126 Glossary

PSK Phase-Shift Keying

RMS Root Mean Square
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