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In the last decade the amount of digital data generated in connection with digi-
tal devices such as cameras, media players and high-definition TVs has seen a
significant growth. This requires tuners for home networking such as MoCA with
increasingly large bandwidth. Though advanced CMOS technology allows for the
design of high-speed circuits and systems that can meet the need for more
bandwidth, 40nm feature sizes and beyond introduce new challenges in analog
circuit design [1]. Moreover, dependence on environmental conditions of device
spread and matching performance with parasitic coupling can drastically reduce
the overall system performance.

The integration of analog/RF circuits with the digital part in an SoC enables the
use of inexpensive DSP power to calibrate non-idealities. Digitally-assisted RF
allows for more power- and area-efficient systems that achieve good perform-
ance over process, temperature and supply (PVT) variations. This paper pres-
ents a calibration scheme that uses the available DSP power to perform the
transmitter image, local oscillator feed-through (LOFT) and output power cali-
bration by sub-sampling the transmitter spectrum.  The system achieves an IR
of 55dBc, a 40dBc LOFT and a ±0.6dB gain accuracy up to a 1.6GHz LO frequen-
cy.

OFDM signals require an accurate control of LOFT, image level and delivered out-
put power to meet the required performance. Though LOFT does not harm sig-
nal reception, a high LOFT level results in transmission of redundant energy and
it reduces the receiver’s dynamic range. A high image level due to I/Q imbalances
affects the reception of the signal, degrading the receiver SNR. Finally, an accu-
rate control of the transmitter output power removes the need for sophisticated
power estimation procedures, reducing the system complexity. 

Transmitter LOFT or I/Q calibration can be performed at factory level [2] at the
expense of a higher production cost or by dedicated mixed-signal circuitry [3,4]
at the expense of extra chip area. The proposed calibration scheme reuses part
of the receiver (the ADC) to perform all the calibration steps, minimizing chip
area and production cost.

Figure 24.1.1 shows the transmitter block diagram including the calibration path.
The transmitter signal path consists of an I/Q baseband filter with a 1dB band-
width tunable between 22MHz and 200MHz, a highly linear single-sideband
mixer and a PA driver (PAD). The local oscillator (LO), used to up-convert the
baseband signal, covers the frequencies between 50MHz and 1.6GHz.

During calibration, either the upconversion mixer output (I/Q and LOFT calibra-
tion) or the PAD output (TX gain calibration) are looped-back to the RX ADC. A
variable bandwidth buffer (VBB) is used to drive the RX ADC input and it is the
only extra block required in the proposed calibration. The 12b ADC is clocked by
an integer-N PLL driven by a 50MHz crystal-based reference signal. In the cur-
rent prototype, CML buffers are used to drive the ADC outputs off-chip for data
analysis. During calibration, a test tone (fBB) is generated in baseband and
upconverted around the LO frequency by the mixer. The spectrum at the mixer
output consists of the wanted tone, an image tone and a tone at the LO frequen-
cy due to LOFT (see Fig. 24.1.1).

The three tones are detected by performing a 2048-points FFT. A simple algo-
rithm [2] minimizes the image tone by varying the phase and the gain difference
between I and Q baseband signals or the LOFT by adjusting the output currents
of the IDACs in Fig. 24.1.1. Finally, the TX gain calibration is performed by vary-
ing the PAD gain.

The mixer is based on a current-switching topology. The wanted and the image
tones are replicated around each odd harmonic of the LO. The tones above the
Nyquist frequency fold within the Nyquist band after sub-sampling. This can
cause a destructive folding if, for example, a copy of the wanted tone around one

of the LO harmonics folds on top of the image tone. Indeed, these tones can be
up to 45dB above the image tone making the detection impossible. 

To avoid this situation the ADC sampling frequency (fs) must be properly cho-
sen. The choice of fBB is also crucial in order to relax the jitter specification of
the ADC PLL. Indeed, the phase noise around large folding tones can cause a
severe SNR reduction. This in turn lowers the maximum achievable rejection of
the image or the LOFT. On the other hand, it might be very difficult to find a suit-
able fs and fBB combination that guarantees no destructive folding and reason-
able PLL jitter specifications over the whole LO range.

To alleviate this problem, it is necessary to reduce the number of harmonics that
can cause a destructive folding or a large SNR degradation. Therefore, a variable
bandwidth buffer (VBB) is used before the signal is looped-back to the RX ADC.
Considering that fs must be a multiple of the PLL comparison frequency, the
problem reduces to finding the optimal fs and fBB combination within a finite
space of possibilities. This problem can be solved using a computer routine to
map all the aliasing tones. 

The schematic block diagram of the VBB is shown in Fig. 24.1.2. It consists of
binary-weighted source follower slices that can be connected or disconnected
from the signal path. The bandwidth is, therefore, changed by varying the gm of
the source follower. To guarantee that the VBB gain spread over PVT does not
harm the gain-calibration accuracy, a self-biasing structure is used. Reducing
the VBB bandwidth by reducing its gm harms both the linearity and the SNR.
While linearity is not a concern for the calibration, SNR is important to minimize
the averaging time for an accurate estimation. Therefore, the system has been
designed to assure a >10dB SNR for the lowest bandwidth setting and for a
55dBc image rejection. Process variation can change the 3dB bandwidth of the
VBB. The system has been designed to avoid any destructive folding up to the
31st LO harmonic. In this way, the impact of bandwidth variation due to PVT vari-
ations on the system performance is minimized.

The chip is fabricated in a 40nm CMOS process. Figure 24.1.3(a) shows the
transmitter output spectrum at 1.6GHz LO frequency. The measured adjacent-
channel power rejection (ACPR) is better than 55dBc. Figure 24.1.3(b) shows
the two-tone test result versus the baseband frequency. The two input tones
have a -20dBm power, and they are separated by 1MHz. The generated third-
order intermodulation products are more than 64dBc down from the signal
tones up to a 200MHz baseband frequency.

Figure 24.1.4 shows the spectrum of the transmitter and ADC output before and
after calibration for fsample=85MHz, fBB=6.25MHz, an LO frequency of 1.6GHz
and a 2048-points FFT. The post calibration IR is better than 55dBc while the
LOFT is better than 40dBc, limited by the resolution of the IDACs.

In Fig. 24.1.5(a) an example calibration curve for IR is shown. The x axis is the
phase unbalance applied at baseband while the y axis shows the image level in
dBc. The curve C is derived by choosing a 55MHz sampling frequency that caus-
es a destructive folding of the main tone around the 7th harmonic of the LO and
consequently the failure of the calibration. The curves A and B refer to the trans-
mitter and ADC output when the proper sampling frequency is chosen.

Figure 24.1.6 shows the transmitter output power after calibration over PVT. The
accuracy is within ± 0.6dB over PVT for fLO=1.6GHz. Figure 24.1.7 shows the
chip micrograph.
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Figure 24.1.1: Transmitter block diagram with sub-sampling-based calibration
path. Figure 24.1.2: Circuit-level implementation of the VBB including biasing.

Figure 24.1.3: (a) Measured transmitter ACPR.  (b) Transmitter IM3 versus
baseband frequency for a 1.6GHz LO frequency.

Figure 24.1.5: Image calibration curves for a 400 MHz LO frequency. Curve A
is the TX image level. Curve B is the sub-sampled image level 
for fsample=85MHz and fBB=9MHz. Curve C is the sub-sampled image level for
fsample=55MHz and fBB=5MHz.

Figure 24.1.6: Gain calibration accuracy over PVT for fLO=1.6GHz: testing 
temperature is hot, room, cold, supply voltage is 2.75V and 2.25V, process is
typical, slow and fast.

Figure 24.1.4: Measured transmitter output spectrum and ADC output 
spectrum before and after image and LOFT calibration (ADC output spectrum
averaged 5 times).
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Figure 24.1.7: Transmitter with sub-sampling based calibration die microphotograph.
The differential VBB occupies only 170µm×90µm.
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